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Abstract
A fundamental pursuit of astronomy is to understand how galaxies form and evolve. What

drives the decline in the cosmic star formation rate density? Why are high redshift galax-

ies clumpy and turbulent? How can we explain the emergence of the Hubble sequence?

To answer these questions we must unravel a complex interplay of different processes,

including gas accretion, star formation, feedback, and environmental effects. Studying

the gas kinematics of galaxies can provide valuable insight. In this thesis we use integral

field spectroscopy to probe the evolution of star-forming field and cluster galaxies over

the past 8 billion years.

We first present a multi-wavelength analysis of 27 dusty starburst galaxies in a mas-

sive cluster at z∼ 0.4. It is thought that starbursts represent an intermediate phase in the

transition from spirals to S0s in dense environments. We combine Hα kinematics with

far-infrared imaging and millimetre spectroscopy, and find that most galaxies are rota-

tionally supported, with high angular momentum and large cold gas reservoirs. It appears

that the starbursts have only recently been accreted to the cluster. To complete the transi-

tion to S0s, they must undergo a dynamical heating of the disk, increase in concentration,

and reduce their angular momentum by ∼ 40%. We conclude that the most likely way to

achieve this is via multiple tidal interactions with other cluster members.

We next study the velocity dispersion properties of 472 galaxies observed as part of

the KMOS Redshift One Spectroscopic Survey (KROSS). Most galaxies at this epoch are

rotationally supported, but dynamically hot and highly turbulent. In order to make robust

kinematic measurements, we model the effects of beam smearing using a series of mock

KMOS data cubes. We then combine KROSS with data from the SAMI survey (z∼ 0.05)

and an intermediate redshift MUSE sample (z∼ 0.5), and find that while there is a weak

trend between velocity dispersion and stellar mass, at fixed mass there is a strong increase
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in velocity dispersion with redshift. At all redshifts, galaxies appear to follow the same

weak trend of increasing velocity dispersion with star formation rate. We also test the

predictions of two analytic models which suggest that turbulence in the ISM is driven by

gravitational instabilities or stellar feedback. However we find that further observations

are required to rule-out either model.

Finally, to understand the role of galaxy kinematics in “crystallising” the Hubble se-

quence, we study the HST images of 231 KROSS galaxies. We quantify differences in

morphology using the asymmetry parameter. This metric correlates very well with our

visual interpretation of “clumpiness”, however there are no strong trends as a function

of galaxy kinematics. On average, the velocity dispersion of clumps is consistent with

the underlying disk, and there is no evidence to suggest that these star-forming regions

are preferentially located towards the outskirts of the galaxy. We propose that adaptive

optics assisted IFU observations would provide further insight, allowing us to test clump

evolution theories and to study the radial distribution of angular momentum.
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CHAPTER 1

Introduction

“We find them smaller and fainter, in constantly increasing numbers, and

we know that we are reaching into space, farther and farther, until, with the

faintest nebulae that can be detected with the greatest telescopes, we arrive at

the frontier of the known Universe.”

– Edwin P. Hubble

1.1 Island Universes

The word galaxy derives from the Greek term γαλαξιας – “galaxias” or “the milky one”

– used to describe the appearance of the Milky Way as a cloudy band of light across the

night sky. As early as the 5th century BC, Greek philosophers proposed that the Milky

Way was a concentration of distant stars, however it wasn’t until 400 years ago that we

knew this to be true. It was Galileo Galilei, with his early telescope, who discovered a

multitude of stars “so numerous as almost to surpass belief” (Galilei 1610).

As telescopes became more powerful, astronomers began to catalogue other such hazy,

extended, “nebulous objects” (Messier 1781; Herschel 1786). Thomas Wright of Durham

speculated these may be galaxies outside of our own (Wright 1750), so-called “Island

Universes” (Kant 1755), but this was disputed by others who thought that these nebulae

were simply unresolved stellar systems within the Milky Way. Even at the beginning

of the 20th century, a consensus had not yet been reached. This culminated in the “Great

Debate” of 1921, with Haber Curtis and Harlow Shapley vigorously opposing each other’s

views about the scale of the Universe (Shapley & Curtis 1921).

Edwin Hubble finally settled the debate through observations of Cepheid variables

made using the 100-inch Hooker telescope at Mount Wilson (Hubble 1925). By exploiting
1
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the tight luminosity-period relation of these stars, he was able to infer distances to several

nebulae. His observations placed these mysterious objects firmly outside of the Milky

Way, meaning they must be galaxies in their own right. In the same decade, Hubble

and his collaborators established a “relation between distance and radial velocity among

extragalactic nebulae” (Hubble 1929; Hubble & Humason 1931; 1934), evidence that the

Universe is expanding.

These two discoveries revolutionised how we view our place in the Universe, and

laid the foundations for modern extragalactic astronomy. Our galaxy is not unique in its

existence but is one of many. Observations using the Hubble Space Telescope (HST) now

suggest there may be somewhere close to 100 billion. This opens the door to a myriad of

questions: How do galaxies form and evolve? How do they differ from each other and

how can we classify them? How typical is our own Milky Way?

1.2 The Hubble Sequence

Hubble also pioneered the classification of galaxies, sorting those he observed according

to their morphology (Hubble 1926). This classification system – known as the Hubble

Sequence or Hubble “tuning fork” – is shown in Fig. 1.1. Galaxies are separated into

ellipticals, which are spheroidal and diffuse, and spirals, which are disk-like with bright

spiral arms. Elliptical galaxies are futher grouped according to their axis ratio, from E0

(spherical) to E7 (flattened). Spirals are divided into two parallel sequences of barred and

unbarred galaxies, and then grouped based on the prominence of the central bulge and

appearance of the spiral arms, from Sa (arms tightly wound and a large, bright bulge) to

Sc (arms loosely wound and a faint bulge). Lenticular (S0) galaxies are an intermediate

morphological class, which appear disk-like but have ill-defined spiral arms.

Hubble’s work was highly influential, and his classification system, later refined and

expanded by de Vaucouleurs (1959; 1963), is still in use today. A common misconception

is that Hubble intended the “tuning fork” to represent an evolutionary sequence, with a

transition from “early-type” ellipticals and lenticulars to “late-type” spiral galaxies. In

fact it was only ever intended as a sequence of morphological complexity, and these terms

have their origins in the spectral classification of stars (see Baldry 2008). Although they
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Figure 1.1: Hubble “tuning fork” diagram as published in Hubble & Rosseland (1936).
Galaxies are classified morphologically according to their ellipticity, the existence and
appearance of spiral arms, and the prominence of the central bulge.

have no temporal meaning, the terms “early-type” and “late-type” are still commonly used

to refer to two these classes of galaxies.

Our understanding of galaxy populations has since moved far beyond the Hubble Se-

quence. We know that late-type galaxies are rich in the cold gas necessary for star forma-

tion. These systems therefore host many young, high-mass (OB type) stars which result

in a characteristic blue colour. The disk is traced by the rotation of gas and stars, and

this rotational velocity is correlated with the total luminosity (hence stellar mass) of the

galaxy (Tully & Fisher 1977). The central bulge component is spheroidal, and primarily

consists of older stars.

By contrast, early-type galaxies host little to no star formation. High mass stars evolve

relatively quickly, leaving the stellar main sequence in 10s of Myr. What remains are

the low mass, cooler stars with redder colours. Early-types are therefore characterised

by older stellar populations and have a “red and dead” appearance. These galaxies are

dominated by the random motions of gas and stars (though they also exhibit varying

degrees of rotation, e.g. Emsellem et al. 2007; 2011). The range in orbital velocities of

the stars, the velocity dispersion, is related to the total luminosity of the galaxy (Faber

& Jackson 1976), while an even tighter relation (the Fundamental Plane) exists between

velocity dispersion, surface brightness, and size (Djorgovski & Davis 1987).

These differences between galaxies are perhaps most evident in colour-magnitude

space. Plotting optical colour against broad-band magnitude (or stellar mass) reveals two
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relatively well-defined, distinct populations (Fig. 1.2; e.g. Strateva et al. 2001; Baldry

et al. 2004; 2006). More massive galaxies tend to be early-type and redder, forming a

tight “red sequence”, while lower mass galaxies are generally late-type and bluer. The

latter exhibit a wider distribution of colours for a fixed stellar mass, and so this region is

referred to as the “blue cloud”.

The challenge for theories of galaxy formation and evolution is to explain not only the

existence of the Hubble sequence, but how these morphological types relate to each other

and their complex interdependencies. In the following sections we describe our current

understanding of galaxy formation, and the physical processes which shape the evolution

of star-forming galaxies.

1.3 Galaxy Formation

The light we detect from galaxies comes from their stars and gas, however it is now widely

accepted that these components constitute only a small fraction of the total mass. Most

mass in galaxies, and indeed the wider Universe, is made up of weakly interacting, non-

baryonic dark matter (e.g. Spergel et al. 2007; Planck Collaboration et al. 2014; 2016).

Dark matter dominates the gravitational interactions of the Universe, acting as a “cosmic

scaffolding” around which all other structure is formed.

Current theories of structure formation suggest that there were tiny fluctuations in the

dark matter density distribution of the early Universe. These instabilities collapse under

gravity to form virialised dark matter “haloes”, which grow through accretion of new

material. As gas in the dark matter halo cools and flows inwards, it eventually reaches a

sufficiently high density that its self-gravity dominates over that of the dark matter. The

gas is then able to collapse and fragment, forming stars and galaxies. Dark matter haloes

typically have a small amount of angular momentum, introduced by tidal torques (see

Schäfer 2009 for review). If this angular momentum is conserved during cooling, the

gas will spin up and settle into a rotationally supported disk (as observed for late-type

galaxies).

Over time, small haloes coalesce and merge to form larger structures (e.g. Peebles

1982; Blumenthal et al. 1984; Davis et al. 1985) in a process known as “hierarchical
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8 Kevin Schawinski et al.
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Figure 6. The dust-corrected colour-mass diagram, like Figure 3 but with the galaxy populations in 0.1⇥0.1 dex panels coloured by the mean specific star
formation rate. This diagram shows that both green valley early- and late-type galaxies have lower sSFRs than their blue cloud counterparts, i.e., they are
off the main sequence. Like the SFR/sSFR diagrams in Figure 5, this Figure shows that the (dust-corrected) green valley is populated by off-main sequence
galaxies but it does not show how rapidly the sSFRs are declining.

star formation histories of green valley early- and late-type galaxies
are, in fact, very different.

Figure 7 shows the (dust-corrected) NUV � u versus u � r
colour-colour diagrams of local galaxies. In the top-left panel, we
show the entire galaxy population (grey contours) and the green
valley early- and late-type galaxies (orange and blue contours, re-
spectively). In the top-right panel, we show only the early-type
galaxies, and in the bottom-right panel, only the late-type galaxies,
with the green valley populations again as orange and blue con-
tours, respectively.

Most noteworthy in Figure 7 is that, while the early- and late-
type galaxies in the green valley exhibit (by selection) similar u�r
colours, they have significantly different NUV � u colours. The
early-type galaxies exhibit much redder NUV � u colours at the
same optical colour than the late types in the (optical) green valley.

This analysis shows that early-type galaxies in the (optical)
green valley are quenched rapidly: they show little ongoing star for-
mation while still having significant intermediate-age stellar popu-
lations. They feature classic post-starburst stellar populations. The
late-type galaxies in the (optical) green valley, on the other hand,

show similar NUV �u colours as their star-forming counterparts in
the (u� r) blue cloud. This is consistent with slowly declining star
formation, so that late types have enough ongoing star formation to
still be blue in the ultraviolet, yet the overall stellar population is
aging (the mean stellar age is increasing), thus moving them into
the optical green valley (and off the main sequence). Indeed, the
lack of a green valley in the late-type plot is further evidence for
their gradual quenching.

These NUV ur colour-colour diagrams are clearly sensitive
diagnostics of young and intermediate age stellar populations, and
therefore of recent star formation histories. Using model star for-
mation histories, we can quantify this interpretation and in partic-
ular, constrain the time scales on which star formation declines in
the two populations. We construct an illustrative star formation his-
tory as follows: a constant star formation rate for 9 Gyr followed by
a transition to an exponentially declining star formation rate with
variable time scale, ⌧quench, representing the quenching time scale.
We note that a constant star formation rate is a reasonable model for
a galaxy on the main sequence: despite the fact that the sSFR drops
by a factor of ⇠ 20 from z ⇠ 1 to today, the SFR only changes

c� 2013 RAS, MNRAS 000, 1–20

Figure 1.2: Dust-corrected u− r band colour versus stellar mass for a mass-limited sam-
ple of local galaxies (0.02< z< 0.05; Schawinski et al. 2014). The sample is based on
observations from the Sloan Digital Sky Survey (SDSS), Data Release 7. The distribu-
tion of galaxies in this colour-mass plane is bimodal, separating into a “red sequence”
(predominantly early-type galaxies) and “blue cloud” (predominantly late-types). Each
region of the plot is coloured by the mean specific star formation rate (sSFR = SFR/M?),
with bluer colours representing higher values.
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assembly”. As a result, in the local Universe a significant fraction of galaxies reside

in groups and clusters (∼ 50%; e.g. Bower & Balogh 2004). Within these regions, the

number density of galaxies is tens to a few hundred times higher than average. In §1.5 we

discuss how these differences in environment may influence how galaxies evolve.

1.4 Drivers of Galaxy Evolution

Following their formation, galaxies experience several internal and external processes

which shape their evolution. A complex interplay of different factors determines how a

galaxy looks (its morphology), how the gas and stars inside move (its kinematics), and

how efficiently it forms stars. At the most basic level, these properties are governed by

the inflow and outflow of gas, and the redistribution of angular momentum. In this section

we discuss four key mechanisms – cold accretion, stellar feedback, AGN feedback, and

mergers – and their implications.

1.4.1 Gas Accretion

The most important aspect of star formation is the raw material, cold gas (see §1.6.3).

Recent numerical simulations suggest gas from the intergalactic medium (IGM) may flow

continuously along clumpy, filamentary streams, through the galaxy halo and directly

on to the disk (e.g. Kereš et al. 2005; Dekel et al. 2009; Ceverino et al. 2010). This

process would supply large amounts of pristine gas (average metallicities of Z∼ 0.001 –

0.01 Z�; e.g. van de Voort & Schaye 2012) to the galaxy, without significant disruption

to the kinematics. So-called “cold mode” accretion (Tgas∼ 104 – 105 K) is likely to be

very efficient at early times, and has been invoked to explain the high star formation rates

observed at high redshift (§1.6.4; e.g. Genzel et al. 2008; Cresci et al. 2009).

As the dark matter halo grows larger, more of the infalling material is expected to be

shock heated at the virial radius (Tgas∼ 106 – 107 K). Instead of being delivered directly

onto the disk, the gas forms a hot halo which later settles via radiative cooling (e.g. Rees

& Ostriker 1977; White & Rees 1978; White & Frenk 1991). This “hot mode” accretion

is thought to dominate above halo masses of Mh∼ (2 – 3)× 1011 M�, and hence becomes

increasingly important at low redshift (z≤ 1; e.g. Dekel & Birnboim 2006; Ocvirk et al.
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2008; Kereš et al. 2009b). In general, cold accretion is the main driver of galaxy forma-

tion, in the sense that most of the baryons that make it into galaxies are accreted via this

mode. However, the hot mode can contribute ≥ 10% for halo masses of Mh≥ 1011 M�

(e.g. van de Voort et al. 2011).

1.4.2 Feedback

In cosmological simulations without feedback, the gas in dark matter haloes rapidly cools

and condenses to form stars. This leads to galaxies with higher star formation rates and

more stellar mass than observations suggest is correct (the “overcooling problem”; e.g.

Katz et al. 1996; Balogh et al. 2001; Kereš et al. 2009a; Schaye et al. 2010). In reality,

only ∼ 5 – 10% of baryons in the Universe are in the form of cold gas and stars (e.g. Bell

et al. 2003; Fukugita & Peebles 2004; McGaugh et al. 2010). Fig. 1.3 shows the stellar-

to-halo mass ratio as a function of halo mass, for three runs of a simulation (Somerville

et al. 2008) and for a semi-empirical relationship (Moster et al. 2013). Without feedback,

the baryon to stars conversion efficiency in the model is much higher than observed, at

all halo masses (see also Conroy & Wechsler 2009; Behroozi et al. 2013). This implies

that some physical process is required to either prevent the gas from cooling, or to eject it

from the galaxy completely. Below we describe two ways that this can be achieved.

1.4.2.1 Stellar Feedback

Stars inject energy and momentum into the interstellar medium (ISM) in the form of stel-

lar winds, radiation pressure, photoionization and supernovae (e.g. Larson 1974; Dekel

& Silk 1986; Bower et al. 2012; Dale et al. 2014). In cosmological simulations, su-

pernova feedback is usually invoked to regulate the star formation in low-mass haloes

and distribute metals through the ISM/IGM (e.g. Oppenheimer & Davé 2006; Dubois &

Teyssier 2008; Putman et al. 2012). There are two main mechanisms considered: kinetic

feedback and thermal feedback. In kinetic feedback models, the supernovae impart mo-

mentum to the surrounding gas, directly ejecting it from disk (e.g. Springel & Hernquist

2003; Vogelsberger et al. 2014). In thermal feedback models, exploding supernovae sim-

ply heat the gas, and “blast waves” are generated due to an increased gas pressure (e.g.

Dalla Vecchia & Schaye 2012; Schaye et al. 2015). If star formation is particularly vig-
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orous, gas can be removed in dramatic, galactic scale outflows (e.g. Shapley et al. 2003;

Swinbank et al. 2009; Genzel et al. 2011; Newman et al. 2012; Bradshaw et al. 2013).

Observations suggest that these outflows are common and the rate of mass loss can often

exceed the star formation rate of the galaxy (e.g. Veilleux et al. 2005). Energy from winds

and supernovae may also drive turbulence in the ISM (see Mac Low & Klessen 2004 for

review), something we discuss further in Chapter 4.

1.4.2.2 AGN Feedback

Supermassive black holes (MBH≈ 105 – 1010 M�) are found at the centre of massive galax-

ies (e.g. Kormendy & Richstone 1995; Magorrian et al. 1998; Ferrarese & Merritt 2000;

Gebhardt et al. 2000). As matter is accreted by these black holes, they release vast

amounts of energy and become visible as active galactic nuclei (AGN). It is typically

assumed that ∼ 10% of the rest-mass energy of the accreted material is liberated (i.e.

ε≈ 0.1), but efficiencies of between ε = 0.05 – 0.42 can be achieved depending on the spin

of the black hole (e.g. Kerr 1963; Shapiro & Teukolsky 1983; Merloni et al. 2004). This

energy can be predominantly radiative (emission of energetic photons) or mechanical (en-

ergetic particles). AGN feedback is typically invoked to explain the inefficiency of star

formation in high mass galaxies (e.g. Fabian 2012; Kormendy & Ho 2013; Heckman &

Best 2014; Harrison 2017). Radiative AGN can suppress star formation via turbulence,

shocks and heating of the ISM, or the removal of gas in galactic outflows (e.g. Veilleux

et al. 2005; Alexander & Hickox 2012; King & Pounds 2015). Mechanically-dominated

AGN can heat the gas via powerful radio jets, and prevent it from cooling to form stars

(e.g. Cattaneo et al. 2009; McNamara & Nulsen 2012; Simpson et al. 2013).

1.4.3 Mergers

In a theory of hierarchical structure formation, mergers play an important role in the

assembly of galaxies and dark matter haloes. The nature of the merger remnant is highly

dependent on the mass ratio of the progenitor galaxies (e.g. Barnes & Hernquist 1996;

Naab & Burkert 2003; Cox et al. 2006). If the masses of the two galaxies are very unequal

(a minor merger), then the final system will tend to resemble the most massive progenitor.

If both are of similar mass (a major merger), then the remnant will bear little resemblance
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Abstract
Supermassive black holes are found at the centre of massive galaxies. During the growth of these black holes
they light up to become visible as active galactic nuclei (AGN) and release extraordinary amounts of energy
across the electromagnetic spectrum. This energy is widely believed to regulate the rate of star formation in
the black holes’ host galaxies via so-called “AGN feedback”. However, the details of how and when this occurs
remains uncertain from both an observational and theoretical perspective. I review some of the observational
results and discuss possible observational signatures of the impact of super-massive black hole growth on star
formation.

Introduction

The discovery that all massive galaxies host a central super-
massive black hole rates among the most momentous in
modern astronomy. These black holes, with masses rang-
ing from hundreds of thousands to billions of times that of
our Sun (≈105–1010 M⊙), primarily grow through periods
of radiatively-efficient accretion of gas when they conse-
quently become visible as AGN[1, 2]. Historically AGN
were considered rare but fascinating objects to study in
their own right, yet over the last two decades these phe-
nomena have moved to the fore-front of galaxy evolution
research. This is partly due to a number of remarkable
observations that show that black hole masses are tightly
correlated with host-galaxy properties, despite a difference
of several orders of magnitude in physical size scales[3].
However, arguably the most influential factor in the explo-
sion of interest in AGN are the results from galaxy evolution
models.

Most galaxy formation models require AGN to inject en-
ergy or momentum into the surrounding gas (see Box 1) in
the most massive galaxies (i.e., with stellar masses Mstellar !
1010 M⊙) in order to reproduce many key observables of
galaxy populations and intergalactic material[4, 5, 6, 7, 8, 9,
10, 11, 12] (Fig. 1). These observables include: the “steep”
relationship between X-ray luminosity and X-ray temper-
ature observed for the gas in the intra-cluster medium
within groups and clusters[13]; the “low” rate of gas cool-
ing in galaxy clusters[14]; the inefficiency of star forma-
tion in the most massive galaxy haloes[15] (Fig. 1); the
tight relationships between black hole masses and galaxy
bulge properties[3] and the formation of quiescent bulge-
dominated massive “red” galaxies that are no longer form-
ing stars at significant levels[16].

AGN are an attractive solution in models to supply the
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Figure 1 | The ratio of stellar mass to halo mass as a function
of halo mass for three different runs of a simulation[6] and for
the semi-empirical relationship[17]. The shaded region shows
the 16th and 84th percentiles of the fiducial model that includes en-
ergy injection from AGN and star formation (SF). The right y-axis
shows the efficiency for turning baryons into stars (Mstellar/[ fb ∗Mhalo];
where the factor of fb = 0.17 is the cosmological baryon fraction). The
impact of including star formation feedback in the model is to reduce
the efficiency of converting baryons into stars in low mass haloes. For
massive haloes, energy injection from AGN is required in order to re-
duce these efficiencies. Such effects are required in most models in
order to reproduce many observable properties of the massive galaxy
population.

Figure 1.3: Figure from Harrison (2017) which shows the ratio between stellar mass
and halo mass as a function of halo mass, for three runs of a cosmological simulation
(Somerville et al. 2008) and the semi-empirical relationship of Moster et al. (2013). The
blue shaded region shows the 16th to 84th percentile range of the fiducial model of the
simulation (AGN + stellar feedback). Stellar feedback and AGN feedback act to reduce
the star formation efficiency in low and high mass haloes, respectively.
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to either, and any disk will be destroyed. Simulations suggest that ellipticals are likely the

remnants of two (or more) disk galaxies (e.g. Farouki & Shapiro 1982; Hernquist 1992).

The outcome will also depend on the gas fraction of the progenitors. If the merger is

gas-rich, gravitational torques can remove angular momentum from the gas and drive it

inwards. This dense gas concentration at the centre of the remnant can trigger a nuclear

starburst and/or AGN activity (e.g. Mihos & Hernquist 1996; Di Matteo et al. 2005;

Hopkins et al. 2006; Hayward et al. 2014; Sparre & Springel 2016).

1.5 Influence of Environment

Strong trends exist between morphology and environment. Rich clusters are dominated

by ellipticals and S0s, while in low density environments (the field) spiral galaxies are

most abundant (e.g. Dressler 1980; Bower et al. 1992; Kodama et al. 2004; Bamford et al.

2009; van der Wel et al. 2010). This effect was first quantified by Dressler (1980), who

established the “morphology-density” relation shown in Fig. 1.4.

Subsequent studies revealed that in higher redshift clusters, the fraction of S0s is lower

and the fraction of spirals proportionately higher (e.g. Butcher & Oemler 1978; Dressler

et al. 1997; Poggianti et al. 2009). This suggests a transformation between the two pop-

ulations. Indeed, cluster spirals are redder (e.g. Hudson et al. 2010; Cantale et al. 2016),

have lower star formation rates (e.g. Gómez et al. 2003; Wolf et al. 2009), and are gas

poor (e.g. Cortese et al. 2011; Boselli et al. 2014a) compared to their counterparts in

the field. A number of different mechanisms have been proposed for this evolution (see

Boselli & Gavazzi 2006 for review). We summarise four of the most important below.

1.5.1 Galaxy Harassment

In high density environments, the relative velocities of galaxies are typically too large

to lead to mergers (vgal∼ 103 kms−1; Bialas et al. 2015). However, Moore et al. (1996;

1998) suggest that repeated, high-speed galaxy-galaxy encounters (so-called “galaxy ha-

rassment”) can cause substantial mass loss from the disks of late-type (Sc, Sd) spiral

galaxies. These interactions can dynamically heat the remaining disk, increasing the ve-

locity dispersion and decreasing the angular momentum (see also Mastropietro et al. 2005;
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Smith et al. 2010; 2015). Gas may also be driven inwards, feeding star formation in the

central regions of the galaxy (e.g. Fujita 1998).

1.5.2 Galaxy-Cluster Tidal Interactions

Tidal interactions between galaxies and the cluster potential can compress molecular gas

in the interstellar medium, triggering additional star formation (e.g. Byrd & Valtonen

1990; Henriksen & Byrd 1996; Fujita 1998). If the interaction is particularly efficient,

gas in the disk is funnelled inward to fuel a nuclear starburst episode. The structure of the

galaxy may also change, through the formation of a bar or bulge, and increased thickness

of the disk (e.g. Valluri 1993).

1.5.3 Ram Pressure Stripping

Clusters are permeated by a hot, dense, X-ray emitting gas known as the intracluster

medium (ICM). As a galaxy passes through the ICM, it experiences a drag force which

can strip its cold gas component (e.g. Gunn & Gott 1972; Abadi et al. 1999; Quilis et al.

2000). This ram pressure stripping effect is often invoked to explain the HI deficiency

of cluster spirals, and “tails” of gas streaming away from infalling galaxies have been

directly observed (e.g. Merluzzi et al. 2013; Fumagalli et al. 2014; Boselli et al. 2016).

Removal of this gas reservoir will eventually shut off star formation (although there may

be a temporary enhancement, e.g. Bekki & Couch 2003). Numerical simulations suggest

that as much as ∼ 80% of the gas mass can be stripped within a single pass of the cluster

core (Abadi et al. 1999).

1.5.4 Strangulation

Galaxies are surrounded by a halo of hot gas, which cools and condenses to fuel star

formation in the disk (e.g. White & Rees 1978; White & Frenk 1991). In dense environ-

ments, this material can be removed through tidal interactions and ram pressure stripping.

This leads to a slow decrease in star formation rate as the galaxy depletes its remaining

supply of cold gas (e.g. Larson et al. 1980; Bekki et al. 2002; McCarthy et al. 2008). Ob-

servations suggest that this “strangulation” (starvation) may begin to take effect at large
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Figure 1.4: The morphology-density relation of Dressler (1980). The observed fraction
of elliptical, S0 and spiral or irregular galaxies (in 55 rich clusters) as a function of the
log of projected density, in galaxies Mpc−2. With increasing density, there is a smooth
increase in the fraction of early-type galaxies, and a decrease in the fraction of late-types.
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cluster-centric radii (e.g. Balogh et al. 2000; Treu et al. 2003).

1.6 Star Formation

The ultimate goal is to understand how the physical processes introduced in §1.4 and §1.5

come together to shape the evolution of galaxies over many Gyr. One of the most funda-

mental properties of a galaxy is its star formation rate (SFR). Star formation is inherently

complex; the typical mass and density of gas in a galaxy-sized halo are ∼ 1011 M� and

∼ 10−24 g cm−3 respectively, but for a star are ∼ 1 M� and ∼ 1 g cm−3. We must there-

fore understand the physical processes acting over a wide range of scales. Local late-type

galaxies typically host large cold gas resevoirs, but most of this material (∼ 70% e.g.

Catinella et al. 2010; Saintonge et al. 2011; Boselli et al. 2014b) is in the form of atomic

hydrogen (100 – 1000 K, 10−25 – 10−23 g cm−3). For star formation, the gas must further

cool and collapse to form dense molecular clouds (∼ 10 K, 10−21 – 10−19 g cm−3). Over-

densities within an individual cloud then cause it to fragment, forming smaller clouds,

and eventually stars. The fine details of this process are beyond the scope of this thesis,

but have been discussed in a number of excellent reviews (e.g. Elmegreen & Scalo 2004;

Mac Low & Klessen 2004; McKee & Ostriker 2007; Kennicutt & Evans 2012; Krumholz

2015). Our aim in this section is simply to consider star formation on a global scale: how

it occurs, how we can measure it, and how it relates to other galaxy properties.

1.6.1 Disk Instability

Star formation on large scales proceeds by gravitational instabilities. According to the

Jeans criterion, a uniform density gas cloud will collapse to form stars if its self-gravity

can overcome the internal gas pressure (Jeans 1902). However, in a disk galaxy, pressure

is not the only restoring force. Differential rotation adds an extra degree of stability to the

gas. If a region is too large, it will be torn apart by shear faster than the gravitational free-

fall time. For a thin gas disk, this can be expressed as the Toomre Q parameter (Toomre

1964; Wang & Silk 1994)

Qg =
σgκ

πGΣg
, (1.6.1)
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where σg is the gas velocity dispersion, Σg is the gas surface density, and κ is the epicyclic

frequency, defined as

κ =
v
r

√
2
(

1+
r
v

dv
dr

)
≈
√

2
v
r
, (1.6.2)

where v is the rotation velocity and r is the disk radius. If Qg > 1 then the rotation and

internal pressure forces are sufficient to support the disk, hence it is stable. If Qg < 1 then

gravity can overcome this support, and the disk will collapse and fragment into cold gas

clouds, resulting in widespread star formation (e.g. Kennicutt 1989; van der Hulst et al.

1993; Martin & Kennicutt 2001).

Observations suggest that gas-rich disks are typically driven to a state of marginal

stability (Qg∼ 1). One possible explanation is that if Qg < 1 then star formation reduces

Σg (by consuming gas) and increases σg (via stellar winds and supernovae), which in

turn increases Qg (e.g. Cacciato et al. 2012; Hopkins et al. 2012). Another possibility is

that turbulence is driven by mass transport through the disk. Numerical simulations have

shown that gravity alone may be able to regulate Q (e.g. Goldbaum et al. 2015; 2016).

1.6.2 Star Formation Tracers

The star formation rate of a galaxy can be determined by several different methods. In

this section we discuss three commonly used tracers: nebular emission lines (e.g. Hα),

ultraviolet (UV) continuum, and infrared (IR) continuum emission. We refer the reader to

the review papers by Kennicutt (1998a) and Kennicutt & Evans (2012) for further details.

1.6.2.1 Ultraviolet Continuum

The most direct measure of star formation is rest-frame ultraviolet emission. Continuum

UV traces the photospheric emission of young stars (∼ 10-200 Myr). The optimal wave-

length range is 1250-2500Å, which for local galaxies requires space-based observations

(e.g. GALEX; Morrissey et al. 2005), however at high redshift these wavelengths are eas-

ily accessible. The main disadvantage is that UV emission is highly attenuated by dust.

Typical extinction corrections are 1-3 magnitudes, though can be even larger.
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1.6.2.2 Nebular Emission Lines

Young, hot (O and B type) stars ionise the hydrogen gas in which they are embedded, cre-

ating what is known as a HII region. As the atoms recombine, electrons cascade down the

energy levels, releasing emission at a range of characteristic wavelengths. Amongst the

most common are the 3→2 transition, which gives rise to the Hα emission line (6562.8Å),

and the 4→2 transition, which gives rise to Hβ (4861.3Å)1. Since OB stars are short-lived,

this emission is indicative of recent star formation (∼ 6-8 Myr). Hα is one of the brightest

features in the spectrum of a star-forming galaxy and is therefore frequently used as a star

formation rate indicator.

Another prominent spectral feature associated with star formation is the [OII] doublet

(3726.0Å and 3728.8Å). Forbidden lines (denoted by square brackets) such as [OII], [OIII]

and [NII] occur when an electron decays from a metastable state. Ordinarily, the timescale

for spontaneous decay is ∼ 10−8 s, but for a metastable state this can be several seconds.

In high-density environments, the electron will decay via collisional de-excitation before

a forbidden transition can take place. However in low-density HII regions, spontaneous

decay becomes more likely. Although the intensities of forbidden lines are sensitive to the

ionisation and metallicity of the gas, [OII] can be empirically calibrated as a star formation

rate tracer using Hα.

1.6.2.3 Infrared Continuum

A significant fraction of stellar light is reprocessed by dust. Interstellar dust consists

of polyaromatic hydrocarbons (PAHs), silicates and graphites, which are formed in the

atmospheres of cool stars and released by stellar winds and supernovae. Emission at

wavelengths similar to the dust grain size (∼ 0.001− 1 µm) is scattered and absorbed

most effectively. As a result, the UV radiation from stars is absorbed and re-emitted in

the mid/far-infrared, at wavelengths of ∼ 5−1000 µm. This emission is commonly used

as a star formation tracer, particularly in highly obscured systems (e.g. submm galax-

ies). Composite methods can also be used, combining dust-obscured and dust-unobscured

emission for a more complete picture (e.g. UV+IR, Hα+IR; see Burgarella et al. 2005;

1Hβ is a poor SFR diagnostic because it is often weak and suffers from stellar absorption
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Kennicutt et al. 2009; Treyer et al. 2010; Hao et al. 2011).

1.6.3 Cold Gas

As discussed in §1.6.1, for star formation to proceed the gas must first cool and fragment

to form dense clouds. This relationship between star formation rate and gas density was

first explored by Schmidt (1959), who concluded that “the rate of star formation varies

with a power n of the density of interstellar gas”. Kennicutt (1998b) later established a

correlation between star formation rate density ΣSFR and gas surface density Σgas, for a

large sample of local galaxies, as so:

(
ΣSFR

M�yr−1kpc−2

)
= A

(
Σgas

M�pc−2

)N

, (1.6.3)

where N = 1.4± 0.15. This relation, known as the Kennicutt-Schmidt law, appears to hold

over at least four orders of magnitude in gas density. Fig. 1.5 demonstrates this trend using

measurements of a more recent sample (Kennicutt & Evans 2012).

Subsequent studies have largely focussed on high-redshift galaxies (e.g. Daddi et al.

2010; Genzel et al. 2010; Tacconi et al. 2013), and how the atomic and molecular gas

densities (i.e. ΣHI and ΣH2) individually relate to the star formation rate density (see

Krumholz 2015 for review). Spatially resolved measurements of local galaxies reveal

that on 0.5− 1 kpc scales there is an exceptionally tight correlation between molecular

gas and star formation (e.g. Bolatto et al. 2011; Leroy et al. 2013). At high surface

densities, the ISM is mostly H2 and there is a roughly constant depletion time. However,

below Σgas∼ 10 M�pc−2 the HI component dominates, star formation rates drop, and

there is significantly more scatter between Σgas and ΣSFR (e.g. Bigiel et al. 2008; 2010).

It is crucial to understand how the gas properties of galaxies vary with stellar mass,

redshift and environment. HI gas can be directly observed via the 21cm spectral line2,

but the H2 molecule lacks a permanent dipole and hence its emission is very weak at low

temperatures. The most commonly used proxy for H2 is 12CO (hereafter CO; Young &

Scoville 1991; Solomon & Vanden Bout 2005; Carilli & Walter 2013). This is the second

2Emission when the Hydrogen electron flips from a parallel to anti-parallel spin state
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Figure 11
(a) Relationship between the disk-averaged surface densities of star formation and gas (atomic and molecular) for different classes of
star-forming galaxies. Each point represents an individual galaxy, with the SFRs and gas masses normalized to the radius of the main
star-forming disk. Colors are used similarly as in Figure 9: Purple points represent normal spiral and irregular galaxies, red points
infrared-selected starburst galaxies [mostly luminous and ultraluminous infrared galaxies (LIRGs and ULIRGs, respectively)], and dark
yellow points denote circumnuclear starbursts with star-formation rates (SFRs) measured from Paα measurements. The Milky Way
(black square) fits well on the main trend seen for other nearby normal galaxies. Magenta crosses represent nearby low-surface-
brightness galaxies, as described in the text. Open blue circles denote low-mass irregular and starburst galaxies with estimated metal
(oxygen) abundances less than 0.3 Z⊙, indicating a systematic deviation from the main relation. For this plot, a constant X(CO) factor
was applied to all galaxies. The light blue line shows a fiducial relation with slope N = 1.4 (not intended as a fit to these data). The
sample of galaxies has been enlarged from that studied in Kennicutt (1998b), with many improved measurements as described in the
text. (b) Corresponding relation between the total (absolute) SFR and the mass of dense molecular gas as traced in HCN. The dashed
gray line is a linear fit, which contrasts with the nonlinear fit in panel a. Figure adapted from Gao & Solomon (2004). Reproduced by
permission of the AAS.

galaxies (Section 2.4), the slope of the overall Schmidt law would increase from 1.4–1.5 to 1.7–1.9
(Narayanan et al. 2011).

Usually, the Schmidt law is parameterized in terms of the total (atomic plus molecular) gas
surface density, but one can also explore the dependences of the disk-averaged SFR densities
on the mean atomic and molecular surface densities individually. Among normal galaxies with
relatively low mean surface densities, the SFR density is not particularly well correlated with
either component, though variations in X(CO) could partly explain the poor correlation between
SFR and derived H2 densities (e.g., Kennicutt 1998b). In starburst galaxies with high gas surface
densities, however, the gas is overwhelmingly molecular, and a strong nonlinear Schmidt law is
observed (Figure 11a).

A similar nonlinear dependence is observed for total SFR (as opposed to SFR surface den-
sity) versus total molecular gas mass (e.g., Solomon & Sage 1988, Gao & Solomon 2004). This
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Figure 1.5: Relationship between the disk-averaged surface densities of star formation (as
measured using Hα, Paα or IR emission) and gas (atomic and molecular), for different
galaxy types. This figure is from Kennicutt & Evans (2012), adapted from the original
version in Gao & Solomon (2004). For most galaxies, there is a remarkably tight relation
between log(ΣSFR) and log(Σgas). The pale blue line shows the Kennicutt-Schmidt relation
with N = 1.4. For consistency, the same CO to H2 conversion factor was used to derive all
gas surface density estimates.
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most abundant molecule in the ISM and has strong rotational emission lines at millimetre

wavelengths. The CO(1→0) and CO(2→1) transitions are used to trace the bulk of cold

gas in galaxies, while higher transitions correspond to warmer, denser regions. The main

issue regarding the interpretation of CO observations is how the CO luminosity relates to

H2 mass. It has been suggested that the CO-H2 conversion factor, XCO, may be lower in

starbursts and higher in metal-poor galaxies (see Bolatto et al. 2013 for review).

1.6.4 Redshift Evolution

One of the most important indicators of galaxy evolution is the cosmic star formation rate

density, ρSFR. This measures how many stars (in units of stellar mass) per unit volume the

Universe was forming at a particular epoch. Our current understanding is that the star for-

mation rate density increases as (1+ z)4 out to at least z∼ 1 (e.g. Lilly et al. 1996; Madau

et al. 1996; Karim et al. 2011; Burgarella et al. 2013; Sobral et al. 2013a; see Fig. 1.6)

and then begins to flatten. Determining the exact redshift at which the star formation rate

density peaked is challenging, since no single tracer is suitable for all epochs. However

our best estimate is currently z∼ 2, when the Universe was approximately one-third of

its present age. It was during this crucial time (1< z< 3) that today’s massive galaxies

formed most of their stars (e.g. Marchesini et al. 2009; Muzzin et al. 2013; Madau &

Dickinson 2014).

At a given epoch, most star-forming galaxies follow a tight relationship between stel-

lar mass and star formation rate. This is commonly referred to as the galaxy “main se-

quence” (e.g. Noeske et al. 2007; Elbaz et al. 2011; Whitaker et al. 2012; Speagle et al.

2014; Schreiber et al. 2015). Observations have shown that the normalisation of this trend

evolves with redshift, such that higher redshift galaxies have higher specific star forma-

tion rates (sSFR; the ratio between star formation rate and stellar mass). This increased

activity is likely due to high molecular gas fractions (e.g. Daddi et al. 2010; Tacconi et al.

2010; 2013; Saintonge et al. 2013; Genzel et al. 2015).
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from the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a

function of redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from

Gruppioni et al. (2013). At z < 2, these estimates agree reasonably well with the measure-

ments inferred from the UV slope or from SED fitting. At z > 2, the FIR/FUV estimates

have large uncertainties owing to the similarly large uncertainties required to extrapolate

the observed FIRLF to a total luminosity density. The values are larger than those for

the UV-selected surveys, particularly when compared with the UV values extrapolated to

very faint luminosities. Although galaxies with lower SFRs may have reduced extinction,

purely UV-selected samples at high redshift may also be biased against dusty star-forming

galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2 selected

on the basis of dust emission alone does not exist, owing to the sensitivity limits of past

and present FIR and submillimeter observatories. Accordingly, the total amount of star

formation that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9: The history of cosmic star formation from (top right panel) FUV, (bottom right panel) IR,

and (left panel) FUV+IR rest-frame measurements. The data points with symbols are given in Table

1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV =

1.15 × 10−28 (see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000 µm) have been

converted to instantaneous SFRs using the factor KIR = 4.5 × 10−44 (see Equation 11), also valid for a

Salpeter IMF. The solid curve in the three panels plots the best-fit SFRD in Equation 15.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions,

as well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M⊙ year−1 Mpc−3. (15)

These state-of-the-art surveys provide a remarkably consistent picture of the cosmic SFH:

a rising phase, scaling as ψ(z) ∝ (1 + z)−2.9 at 3 ∼< z ∼< 8, slowing and peaking at some

point probably between z = 2 and 1.5, when the Universe was ∼ 3.5 Gyr old, followed by

48 P. Madau & M. Dickinson

Figure 1.6: This figure from Madau & Dickinson (2014) shows the star formation his-
tory of the Universe, as traced by UV (blue, green and magenta data points) and in-
frared (red and orange data points) measurements from a number of different surveys.
The cosmic star formation rate density peaks between 1< z< 3. All UV and IR lumi-
nosities were converted to instantaneous star formation rate densities using the factors
κUV = 1.15× 10−28 and κIR = 4.5× 10−44, respectively, for a Salpeter IMF. The solid
curve is a best-fit to all data points.
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1.7 Galaxy Kinematics

The kinematics of gas and stars are another important probe of galaxy formation and evo-

lution. Using high resolution spectroscopic observations we can study galaxy rotation and

angular momentum, measure turbulence in the ISM, and search for evidence of outflows,

mergers and tidal interactions. In this section we introduce an important observational

technique used for much of our analysis in this thesis – integral field spectroscopy.

1.7.1 Integral Field Spectroscopy

For many decades after Slipher (1914) first discovered the rotation of “distant nebulae”,

the primary method of studying galaxy kinematics was to use long slit spectroscopy. Light

from the galaxy is passed through a narrow slit and then dispersed, creating a spectrum

at each point along that axis. However this technique has two key disadvantages: a)

light outside of the slit is lost, and b) spatial information perpendicular to the slit is lost.

The most interesting direction along which to place the slit is usually the major axis of

the galaxy, however this can be difficult to identify, particularly when the angular size

is small or the morphology is complex (e.g. at high redshift). An alternative is to make

repeated observations of the same source, eventually achieving complete spatial coverage

in two dimensions. This is incredibly time consuming.

Using integral field spectroscopy (IFS) a continuous spatial area can be observed.

This information is packaged as a “data cube”, which consists of two spatial dimensions

and a wavelength dimension. Fig. 1.7 demonstrates how this data can be used to obtain

images at different wavelength slices and a spectrum at each spatial pixel. In galaxies,

integral field spectroscopy can be applied to study stellar and gas kinematics, the spatial

distribution of star formation, and the spatial variation of emission line ratios (which

reflect the metallicity and ionisation of the gas).

The most important element of an IFS instrument is the integral field unit (IFU; or

several if the instrument is “multiplexing”), which samples the light into distinct spatial

components. Fig. 1.8 illustrates three of the most common IFU setups:

• Lenslet array: A microlens array splits the image into small points of light, which

are then dispersed by the spectrograph. The system is tilted to avoid overlap be-
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Figure 2.1: Schematic diagram of a data cube. A data cube provides information in three di-
mensions: two spatial dimensions (i.e., an image in [x,y]) and a third dimension of wavelength.
It is therefore possible to obtain an image of the target at a single wavelength or collapsed over
wavelength slices. Furthermore, at every spatial pixel of the datacube a spectrum can be extracted.

Figure 1.7: Schematic diagram of a data cube, originally from Harrison (2014). A data
cube consists of information in three dimensions: two spatial dimensions (x,y) and a
wavelength dimension (λ). Each spatial pixel is associated with a spectrum. The cube
can be collapsed over a range in wavelengths (e.g. centered around an emission line) to
obtain a two-dimensional image.

Figure 1.8: Diagram of integral field spectroscopy techniques, taken from Westmoquette
(2007). IFUs can sample the light from the focal plane in a number of different ways
(lenslets, lenslets plus fibres and an image-slicer are shown here). The light is then dis-
persed by a spectrograph, and reformatted into a data cube (Fig. 1.7).
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tween the individual spectra.

• Lenslet plus fibres: A lenslet array focusses the light into a bundle of optical fibres,

which reformat the image into a pseudo-slit. From the slit, light is directed to the

spectrograph. Spectra are obtained without wavelength offsets.

• Image-slicer: The input image is formed on a mirror segmented into thin slices.

These slices are reformatted into a pseudo-slit (using a second set of mirrors) and

then dispersed by the spectrograph. Since this system uses only mirrors, it is achro-

matic and can be cooled to cryogenic temperatures. This makes image-slicers par-

ticularly suitable for infrared observations.

In this thesis we present observations made using the FLAMES (Chapter 2) and

KMOS (Chapters 4 and 5) instruments on the ESO Very Large Telescope (VLT). FLAMES

consists of 15 deployable IFUs with a lenslets plus fibres setup, while KMOS has 24

image-slicer IFUs which feed into three spectrographs. We will discuss each instrument

in further detail in the relevant chapters.

1.7.2 High Redshift Galaxies

Integral field spectroscopy has revolutionised our understanding of the high redshift Uni-

verse. The rest-frame UV/optical morphologies of early star-forming galaxies are clumpy

and irregular (e.g. Elmegreen et al. 2009; Förster Schreiber et al. 2011; Livermore et al.

2012), with the Hubble sequence only beginning to take form at z∼ 1.5 (e.g. Conselice

et al. 2011; Buitrago et al. 2013; Mortlock et al. 2013). However, kinematic studies have

revealed that despite photometric irregularity, many galaxies exhibit smooth and ordered

rotation (e.g. Förster Schreiber et al. 2009; Epinat et al. 2012; Wisnioski et al. 2015; Stott

et al. 2016; Harrison et al. 2017). The key difference between these galaxies and local

disks is that the ISM is much more turbulent at high redshift, with average velocity dis-

persions a factor of two larger (e.g. Genzel et al. 2008; Lehnert et al. 2009; Newman et al.

2013; Turner et al. 2017).

The focus of recent surveys such as KROSS (Chapters 4 and 5; Stott et al. 2016; Har-

rison et al. 2017), KMOS3D (Wisnioski et al. 2015) and KDS (Turner et al. 2017), is now
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to build large and representative samples at high redshift. We can use integral field spec-

troscopy to analyse the kinematics, star formation and gas properties of these galaxies,

and begin to untangle the physical processes responsible for their evolution. Large-scale

IFU surveys at z∼ 0 such as SAMI (Croom et al. 2012) and CALIFA (Sánchez et al. 2012)

will provide excellent local comparison samples.

1.8 Thesis Overview

The aim of this thesis is to probe physical processes which shape the evolution of star-

forming galaxies, both secular and environmental, using integral field spectroscopy.

• In Chapter 2 we study the kinematics, molecular gas content and far-infrared prop-

erties of 27 dusty starburst galaxies in a massive cluster at z∼ 0.4. As discussed

in §1.5, star-forming galaxies accreted into a cluster environment are expected to

undergo a transition from spirals to S0s. It is thought that starbursts represent an

intermediate phase of this transition, and so studying their properties may help us to

better understand the physical mechanisms at play. This work has been published

as a first-author paper, Johnson et al. (2016).

• Seeing-limited IFU observations suffer from a phenomenon known as “beam smear-

ing”. As observations are convolved with the seeing PSF, information from each

spatial pixel is combined with that of neighbouring regions. Since we expect our

analysis in Chapter 4 to be particularly sensitive to these effects, in Chapter 3 we

create a series of mock KMOS observations to model the impact of beam smearing

on measurements of galaxy rotation velocity and velocity dispersion. This allows

us to understand the biases introduced and derive a series of correction factors.

• In Chapter 4 we analyse the velocity dispersion properties of 472 star-forming

galaxies observed as part of the KMOS Redshift One Spectroscopic Survey (KROSS).

The cosmic star formation rate density peaks in the range z∼ 1 – 3, and so establish-

ing the properties of galaxies at this redshift is key to constraining models of galaxy

formation and evolution. One of the most important unanswered questions is why

the velocity dispersions of high redshift galaxies are so much larger than those of
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local galaxies (§1.7). We test the predictions of two analytic models which suggest

that turbulence driven by either gravitational instabilities or stellar feedback. This

work has recently been accepted for publication in MNRAS (Johnson et al. 2017;

arXiv:1707.02302).

• In Chapter 5 we investigate the relationship between the kinematic properties of

KROSS galaxies and their optical morphology. To explore the idea that an increase

in angular momentum and disk stability (Toomre Q) is what drives the morpholog-

ical evolution from clumpy, irregular galaxies at high redshift, to thin disks at low

redshift, we study the HST images of 231 KROSS galaxies.

• Finally, in Chapter 6 we summarise our main results and consider the future direc-

tion of this work. We discuss a number of ongoing and future projects, and identify

several key questions still to be addressed.

https://arxiv.org/abs/1707.02302


CHAPTER 2

The Spatially Resolved Dynamics of Dusty
Starburst Galaxies in a z∼ 0.4 Cluster:
Beginning the Transition from Spirals to

S0s

Preamble
In this chapter we study the Hα kinematics, molecular gas content and far-infrared

properties of dusty starburst galaxies in the intermediate redshift cluster, Cl 0024+17.

The majority of this work has been published as a first author paper (Johnson et al.

2016). We include several additional figures (Fig. 2.4, 2.5, 2.8 and 2.11) to supplement

the published material and to highlight certain aspects of the analysis.

Abstract
To investigate what drives the reversal of the morphology–density relation at intermedi-

ate/high redshift, we present a multi-wavelength analysis of 27 dusty starburst galaxies

in the massive cluster Cl 0024+17 at z = 0.4. We combine Hα dynamical maps from the

VLT / FLAMES multi-IFU system with far-infrared imaging from Herschel / SPIRE and

millimetre spectroscopy from IRAM / NOEMA, in order to measure the dynamics, star

formation rates and gas masses of this sample. Most galaxies appear to be rotationally

supported, with a median ratio of rotational support to line-of-sight velocity dispersion

of v/σ0 ∼ 5± 2 and specific angular momentum of λR = 0.83± 0.06, comparable to field

spirals of a similar mass at this redshift. The star formation rates of 3 – 26 M� yr−1 and av-

erage CO-derived gas mass of∼ 1× 1010 M� suggest gas depletion timescales of∼ 1 Gyr

(∼ 0.25 of the cluster crossing time). We derive characteristic dust temperatures (mean

Td = 26± 1 K) consistent with local galaxies of similar far-infrared luminosity, suggesting
25
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that the low density gas is yet to be stripped. Taken together, these results suggest that

the starbursts have only recently accreted from the field, with star formation rates likely

enhanced due to the effects of ram pressure. In order to make the transition to cluster

S0s these galaxies must lose ∼ 40% of their specific angular momentum. We suggest this

must occur ≥ 1 Gyr later, after the molecular gas has been depleted and/or stripped, via

multiple tidal interactions with other cluster members.

2.1 Introduction

Rich clusters present a unique laboratory for studying the interaction between galaxies

and their local environment. It has long been established that strong trends exist between

the morphology, gas content and star formation of cluster galaxies, and the density of the

neighbourhood in which they reside. The populations of rich clusters at z = 0 are dom-

inated by passive, gas-poor ellipticals and S0s, with star formation all but extinguished

in central regions (the morphology density relation e.g. Dressler 1980; Bower et al. 1992;

Lewis et al. 2002; Kodama et al. 2004; Bamford et al. 2009). However, observations

of clusters at intermediate redshift show a striking increase in the fraction of blue star-

forming galaxies in cluster cores, from almost zero in the present day to∼ 20% by z∼ 0.4

(e.g. Butcher & Oemler 1978). This evolution is accompanied by another key evolution-

ary change: a sharp decline in the proportion of S0 galaxies (Dressler et al. 1997; Pog-

gianti et al. 2009). Studies of emission line and luminous infrared-selected galaxies out

to z ∼ 1.5 have confirmed that star-forming galaxies in fact make up the majority of the

population in high redshift clusters (Tran et al. 2010; Smail et al. 2014). This increase in

the number of star-forming galaxies and decrease of cluster S0s with increasing redshift,

implies that the two populations are linked in an evolutionary scenario.

An important realisation was that a large fraction of quiescent cluster members have

suffered starburst activity in the recent past. Spectroscopic surveys have identified a sig-

nificant population of k+a or ”post-starburst” galaxies which appear to be more prevalent

with increasing redshift (e.g. Couch & Sharples 1987; Poggianti et al. 1999; Pracy et al.

2005; Tran et al. 2007; Swinbank et al. 2007; De Lucia et al. 2009; Rodrı́guez Del Pino

et al. 2014). Their spectra show strong Balmer absorption lines associated with the recent
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formation of massive A-type stars (≤ 1 Gyr ago), but a lack of emission lines suggest-

ing the burst was rapidly quenched (e.g. Poggianti et al. 1999; Poggianti & Wu 2000).

However, difficulties arise when attempting to link these galaxies to the formation of

S0s. Insufficient numbers of strong starbursts are detected in the optical to explain the

post-starburst phase, and the luminosities of S0s are in fact substantially brighter than the

proposed progenitor spirals (Poggianti et al. 1999; Kodama et al. 2004; Burstein et al.

2005; Sandage 2005). These problems could both be solved if a considerable fraction

of starburst activity is heavily obscured. Indeed, deep mid-infrared observations of inter-

mediate redshift clusters with Spitzer and Herschel have revealed an abundance of dusty

star-forming galaxies that are missing from optical studies (e.g. Coia et al. 2005; Geach

et al. 2006; 2009; Elbaz et al. 2007; Marcillac et al. 2007; Koyama et al. 2008; Oemler

et al. 2009; Kocevski et al. 2011; Alberts et al. 2014). In an era in which clusters were

still accreting much of their mass, there not only appears to be a significant population

of star-forming galaxies, but also many with their star formation temporarily enhanced in

this dense environment.

In a model where spirals transition to S0s, the star formation of infalling galaxies

must be rapidly quenched, their gas disks stripped, and the dynamics transformed from

rotationally supported disks (high angular momentum) to dispersion dominated spheroids

(low angular momentum). Several authors also suggest that the bulge luminosity and

bulge to disk ratio of S0s is too large for them to have evolved from spirals by disk fading

alone (Dressler 1980; Simien & de Vaucouleurs 1986; Kodama & Smail 2001; Christlein

& Zabludoff 2004; Cortesi et al. 2013), and spectral decomposition of local lenticulars

has revealed that bulges have younger and more metal-rich stellar populations than their

adjacent disk (Johnston et al. 2014). It may be that a final, circumnuclear starburst is

required to achieve the transition between infalling spirals and passive S0s. The observa-

tional challenge is to identify the processes which may drive this transformation.

Several potential mechanisms have been invoked to explain galaxy transformations

in local clusters: interactions with the intra-cluster medium (ICM) such as ram pressure

stripping, strangulation and thermal evaporation (Kenney et al. 2004; McCarthy et al.

2008; Merluzzi et al. 2013; Fumagalli et al. 2014; Peng et al. 2015), and tidal interac-

tions, harassment, minor mergers or halo stripping (Mastropietro et al. 2005; Bekki 2009;
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Smith et al. 2010; Eliche-Moral et al. 2012; Bialas et al. 2015). The challenge is now to

understand the relative contribution of each process, and how the timescales they operate

on vary with cluster mass and size (hence redshift), as well as the stellar, halo and gas

mass of the infalling galaxy (e.g. Boselli & Gavazzi 2006; 2014). Significant progress

has already been made, particularly through the work of large surveys such as CLASH-

VLT (Postman et al. 2012), LoCuSS (Haines et al. 2009), WINGS (Cava et al. 2009) and

EDisCS (White et al. 2005).

It is important to study cluster galaxies over a range in redshift to thoroughly ex-

plore the mechanisms described above, and to understand what drives the reversal of the

morphology–density relation. For example, due to the increased gas fractions of galaxies

at high redshift (e.g. Tacconi et al. 2010; Geach et al. 2011), the initial compression of the

ISM may be more likely to enhance the star formation (Quilis et al. 2000; Hopkins et al.

2006; Bekki 2014; Sales et al. 2015). Due to the lower mass of typical clusters (compared

to those at z ∼ 0), the lower ram pressure from the intra-cluster medium may result in

starbursts being more intense and long-lived. Tidal forces from increased galaxy-galaxy

interaction rates in rapidly assembling clusters may also destablise the gas disks, causing

a burst of star formation, and a morphological and dynamical transformation.

Identifying cluster starbursts and measuring their dynamics, star formation rates and

molecular gas properties appears to be key to unravelling the complexities of galaxy evo-

lution in clusters. The short lifetime of the starburst activity provides a snapshot of galax-

ies which may be undergoing a transition, allowing us to search for potential triggers. For

example, asymmetric gas disks may provide evidence for ram pressure stripping (Bekki

2014), high dust temperatures (compared to galaxies in the field) may imply that the cold

gas/dust has been stripped (e.g. Rawle et al. 2012), whilst galaxy-galaxy interactions

(mergers) may result in complex kinematic signatures (Mihos & Bothun 1998; Colina

et al. 2005) depending on the interaction stage and nature of the system (Bellocchi et al.

2013; Hung et al. 2016). Complementing the dynamics with observations of molecular

gas allows us to infer how long the starburst can be maintained.

In this work we present a multi-wavelength study of 27 spectroscopically confirmed,

24 µm-bright galaxies in Cl 0024+17. We study the optical morphologies and dynamics

of the galaxies using HST and VLT / FLAMES multi-IFU observations respectively, infer



2.2. Target Selection, Observations & Data Reduction 29

star formation rates from far-infrared observations with Herschel / SPIRE, and estimate

molecular gas masses using IRAM/NOEMA observations of the 12CO(1→0) emission.

As an original “Butcher & Oemler” cluster, Cl 0024+17 has a significant population of

blue, star-forming galaxies and is one of the best studied clusters at intermediate redshift

(z = 0.395), with a virial mass of Mvir = (1.2± 0.2)× 1015 M�h−1 (Umetsu et al. 2010),

and X-ray luminosity of LX∼ 2.9× 1044 erg s−1 (Zhang et al. 2005). With an abundance

of star-forming galaxies and multi-wavelength ancillary data, Cl 0024 provides a useful

pilot study for investigating the properties of dusty starbursts in galaxy clusters.

The structure of this chapter is as follows. In §2.2 we describe the target selection,

observations and data reduction. In §2.3 we describe the galaxy integrated properties:

star formation rates, stellar and gas masses, and dust temperatures. In §2.4 we study the

internal properties of the galaxies, using IFU observations to spatially resolve the star

formation, rotation velocity, and velocity dispersion. We then explore the properties of

these dusty starbursts in the context of their environment, comparing to field spirals and

local lenticulars, and searching for trends as a function of cluster radius. We consider

which mechanisms may have already acted on these galaxies, and discuss what remains

to be achieved to complete the transition to S0s. Finally §4.6 summarises our main re-

sults. Throughout we assume a ΛCDM cosmology with parameters Ωm = 0.3, ΩΛ = 0.7

and H0 = 70 km s−1 Mpc−1. The average seeing for our IFU observations, 0.5 arcsec, cor-

responds to a physical scale of 2.6 kpc at z∼ 0.4. All magnitudes are quoted on the AB

system.

2.2 Target Selection, Observations & Data Reduction

2.2.1 Cl 0024+17

Cl 0024+17 is a well studied cluster with extensive archival multi-wavelength imaging

and spectroscopy, and its large population of blue star-forming galaxies makes it an ideal

environment for exploring the properties of cluster starbursts. In optical wavelengths

Cl 0024 appears fairly unremarkable, with a well concentrated mass profile and relatively

little sub-structure (Fig. 2.1), but it is thought this disguises a rather eventful dynami-

cal history. Spectroscopic observations reveal two distinct components in the line of
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sight: a dominant cluster component which has a velocity dispersion of ∼ 1000 km s−1,

and a foreground group offset by ∆v ∼ 3000 km s−1 which has a velocity dispersion of

∼ 500 km s−1 (Fig. 2.2). The group appears to have undergone a high speed collision

with the cluster around ∼ 3 Gyr ago (Czoske et al. 2001; 2002).

Czoske et al. (2002) explored the proposed cluster–group collision via numerical sim-

ulations of dark matter haloes, concluding that this scenario could explain a well docu-

mented discrepancy between mass estimates derived from lensing (e.g. Comerford et al.

2006; Hoekstra 2007; Zitrin et al. 2009; Umetsu et al. 2010), velocity dispersion (Diaferio

et al. 2005) and X-ray studies (Soucail et al. 2000; Ota et al. 2004; Zhang et al. 2005).

Cl 0024 has a lower X-ray flux and lower central velocity dispersion than expected for

a virialised system, and this leads to some interesting implications. Processes such as

galaxy harassment are usually most effective in the outskirts of clusters, or within groups

as a method of “pre-processing”, since the lower relative velocity of galaxies leads to

longer interaction times. However Moran et al. (2007) suggest that for Cl 0024, harass-

ment may be effective down to surprisingly small radii, with ram pressure stripping weak

until ∼ 300 kpc from the core. Passive spirals appear to be relatively long-lived (1–2 Gyr;

Treu et al. 2003) with galaxies experiencing a slower transition due to tidal interactions.

In this respect Cl 0024 makes a useful analog to higher redshift clusters which are still in

the process of assembling.

2.2.2 Target Selection

To identify a sample of dust-obscured cluster starbursts suitable for VLT / FLAMES IFU

observations, we exploit the Spitzer / MIPS 24 µm imaging from Geach et al. (2006) and

select mid-infrared bright sources with flux densities of S24µm = 0.15–1 mJy which have

also been spectroscopically confirmed as cluster members (Moran et al. 2005). Con-

verting the median 24 µm flux of S24µm = 0.33± 0.03 mJy to a total infrared luminosity

(assuming the Chary & Elbaz 2001 library of template SEDs), we find a star formation

rate of∼ 10 M�yr−1 (Kennicutt 1998a). This is approximately double the rate for a “main

sequence” galaxy of mass log(M?/M�) = 10.5 at the same redshift (Speagle et al. 2014;

see also 2.3.2). Roughly two-thirds of the sample are known Hα or [OII] emitters, as iden-

tified from Suprime-Cam narrowband Hα imaging and DEIMOS spectroscopy (Kodama
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et al. 2004; Moran et al. 2005). We also include two Hα emitters of unknown 24 µm flux

(IDs 9 and 10) which we used to fill vacant IFUs. We find no further distinction between

these two galaxies and the rest of the sample, suggesting they are cluster starbursts which

are simply not as dust-obscured.

As shown by Fig. 2.1 & 2.2, our final starburst sample of 28 galaxies is well dispersed

throughout the cluster, with projected cluster-centric radii of R = 0.2 – 3.9 Mpc. 20 of 28

galaxies lie within the cluster virial radius of Rvir = 1.7 Mpc (Treu et al. 2003). Seven of

our targets are associated with the foreground group, which will allow us to assess the

effect of an accelerated environment on the galaxy properties.

In Fig. 2.2 we show the (B−R) colour for all galaxies within the redshift range

0.36≤ z≤ 0.42 (equivalent to ∆v∼ 9000 km s−1). No colour cut was made in selecting

our IFU sample, and as can be seen from this figure, the MIPS 24 µm detections and our

IFU targets tend to lie either in the blue cloud or between the blue cloud and the clus-

ter red sequence (which can be identified between (B−R)∼ 2.5 – 3.2). Some starbursts

likely show redder colours due to the influence of dust on a population of intrinsically

blue and star-forming galaxies.

In our analysis we also exploit archival observations of Cl 0024+17 which were taken

with HST / WFPC2 as a 39-point sparse mosaic (Treu et al. 2003). The images were taken

with the F814W filter (corresponding to rest-frame 580 nm) and cover approximately one-

third of our sample (Fig. 2.9). We find a high incidence of disks with a range of bulge

to disk ratios, and none of the galaxies appear to be undergoing a major merger. We

note that there is no obvious trend in morphology with projected cluster-centric radius or

association with the cluster or foreground group.

2.2.3 FLAMES IFU Observations

Observations of 28 starbursts were made using the FLAMES multi-object IFU system

on the VLT between 13th December 2012 and 29th November 2013 as part of ESO runs

089.A-0983 and 092.A-0135. FLAMES employs 15 IFUs across a patrol field of 25

arcmin diameter (Fig. 2.1). Each of the deployable integral field units consists of a near

rectangular array of 20 microlenses (with pixel scale 0.52× 0.52 arcsec), resulting in a

total aperture of ∼ 3× 2 arcsec. All of the observations were taken in dark time and
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Figure 2.1: SUBARU SuprimeCam BV I-colour image of Cl 0024+17, centred on
α: 00:26:36.0 δ: +17:08:36 (J2000). The dashed line represents the virial radius of the
cluster, Rvir = 1.7 Mpc. We highlight the 28 spectroscopically confirmed dusty starbursts
which were observed using the FLAMES multi object IFU system. Our targets have pro-
jected cluster-centric radii of 0.2 – 3.9 Mpc. We circle galaxies also observed using IRAM
PdBI, with crosses to indicate >5σ 12CO(1→0) detections. It appears that galaxies further
from the cluster centre are perhaps more likely to be detected in CO (also see Fig. 2.2).
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Figure 2.2: Properties of our starburst sample. Top: Colour-magnitude relation for galax-
ies within a 9 arcmin radius of the Cl 0024+17 cluster centre and within ∆z< 0.03 of the
cluster redshift. We identify the cluster red sequence (solid line). Many targets in our
sample lie between the red sequence and blue cloud – a consequence of dust-obscured
star formation in blue, star-forming galaxies. Bottom: Line of sight velocity with respect
to the cluster centre, versus projected cluster-centric radius. Solid lines show the caustics
which illustrate the escape velocity of the cluster (Diaferio et al. 2005). The structure at
∆v∼−3000 km s−1 may be a group which has previously passed through the centre of
the cluster (Czoske et al. 2002). Seven of our cluster starbursts lie within this foreground
structure.
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excellent seeing (<0.5 arcsec). We used the GIRAFFE spectrograph with the LR881.7

filter to cover the Hα emission line in all of our targets, which at z ∼ 0.39 is redshifted

to ∼ 9100Å. At this wavelength the spectral resolution is R = λ / ∆λ∼ 9000 (as measured

from skylines), and we correct for this instrumental dispersion in all of our observations.

Each observing block was split into two 1.2 ks observations, with sub-pixel dithers to

improve the effective spatial sampling. The total on-source integration time per target

was between three and four hours.

To reduce the data we used the standard ESOREX pipeline, which extracts the fibres

from each IFU, flatfields and wavelength calibrates to form a set of preliminary datacubes.

We reduced each observation individually, before sky subtracting and flux calibrating the

spectra. For sky spectra we masked emission lines and continuum from the IFUs and then

calculated an average sky spectrum which was then removed from all targets.

To create a mosaic for each galaxy we apply the sub-pixel offsets from our dither

patterns, which were verified using the centroided continuum emission from the three

brightest galaxies in the sample. This resulted in an effective pixel scale of 0.17 arcsec.

In combining the data cubes we used a 3σ clipped average. The final spectra, integrated

over each IFU, are shown in Fig. 2.3. In Fig. 2.9 we provide a HST (where available; Treu

et al. 2003) or Subaru (Kodama et al. 2004) thumbnail for each galaxy. All but one of

the targets were detected (and spatially resolved), leaving us with a final sample of 27

cluster starbursts. We note that the undetected target was the galaxy with the weakest Hα

emission in the parent catalog. We exclude this source from the rest of the analysis.

To create the two-dimensional Hα emission, velocity, and velocity dispersion maps,

we first measure the systemic redshift by fitting the Hα and [NII]λλ6548, 6583 emission

lines in the collapsed spectra. We then repeat this procedure on a pixel-by-pixel basis

using a χ2 minimisation procedure, inverse weighting the fit using a sky spectrum to

account for increased noise at the positions of OH sky lines. We fit the Hα and [NII]

doublet emission lines simultaneously, allowing the centroid, intensity and width of the

Gaussian profile to vary. The full width half maximum (FWHM) of the Hα and [NII] lines

are coupled and the intensity ratio of the [NII] λ6548 / λ6583 was fixed at 3.06 (Osterbrock

& Ferland 2006). We require a signal-to-noise ratio greater than five to record a detection

in a given pixel. During the fitting, we convolve the line profile with the instrumental
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dispersion. As such, all measurements are corrected for the instrumental resolution. Since

the pixels are smaller than the seeing PSF, the errors on the pixel-by-pixel fitting are not

independent. This is something we take into account when modelling the velocity fields

in §2.4.1 (each disk model is convolved with the PSF before fitting to the data).

In Fig. 2.9 we show the resolved Hα emission, dynamics and line-of-sight velocity

dispersion maps of all galaxies. Although we observe a range of Hα morphologies, the

majority of the sample appear to have regular (disk-like) velocity fields with velocity

dispersions which peak towards the dynamical centre. It is interesting to note that in the

galaxy integrated one-dimensional spectra (Fig. 2.3), more than half show emission lines

profiles that are double-peaked. This is also indicative of disk-like dynamics, with either

increased dust obscuration towards central regions, or ring-like emission. We will return

to a more detailed discussion of the dynamics in §2.4.

2.2.4 Plateau de Bure Observations

To assess the evolutionary state of the cluster starbursts, we sought to obtain cold gas

masses for a subset. This allows us to compare the gas properties of dusty starbursts to

field galaxies of a similar mass at the same redshift. We used the IRAM PdBI and its

NOEMA upgrade to target the 12CO(1→ 0) transition in 11 galaxies, five of which were

previously presented in Geach et al. (2009; 2011). These inital targets were predomi-

nantly in the outskirts of Cl 0024+17, with cluster-centric radii of 1.8 – 3.3 Mpc, and so

to complement these data we selected a further six galaxies which lie closer to the clus-

ter core (Fig. 2.1). Observations took place in June 2014 as part of programme S14BT.

Both sets of observations analysed here used the compact “D” configuration, with six or

seven antennae. We targeted the 12CO(1→ 0) 115.27 GHz rotational transition, which at

z = 0.395 is redshifted into the 3 mm band with νobs = 82.63 GHz. The central frequency

of the 3 mm receiver was set to coincide with the CO(1→0) line at the spectroscopic red-

shift. For further details on the setup of the first set of observations, see Geach et al.

(2011).

For the most recent sample, since one frequency setup was sufficient to cover all

targets we required only one phase calibrator, switching between three pointings. The

correlator was set up with 2.5 MHz spacing (2× 64 channels, 320 MHz bandwidth), to
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Figure 2.3: Integrated spectra around redshifted Hα and [NII] (6548,6583) emission lines.
Parameters such as redshifts and [NII]/Hα ratios are listed in Table 2.1. Many galaxies
show split emission line profiles, indicative of high velocity rotation and possibly strong
obscuration towards the dynamical centre. We suspect the dynamics of galaxy IDs 23 and
24 may be affected by an AGN. For IDs 1, 2, 3, 5 and 16 we overlay the CO spectra in red,
and find that the velocity centroid and line width are well matched to the Hα emission.
Shaded regions show the ± 1σ noise, measured at wavelengths away from the Hα and
any residual sky emission.
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Figure 2.3: continued
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accommodate any potential offset from the systemic redshift or a broad emission line

profile. To increase observing efficiency, we chose pointings where two cluster starbursts

had sufficiently small on-sky separations that they lay within a single primary beam. Ex-

posure times were 4.15 hr per source pair. The data was calibrated, mapped and analysed

using the software GILDAS (Guilloteau & Lucas 2000).

Combining our six new observations with those from Geach et al. (2011), we detect

the CO(1→ 0) transition in five of eleven targets. We require 5σ for a detection, with

upper limits on L′CO for non-detections based on the rms noise and median line width

of the sample. One dimensional spectra are shown in Fig. 2.3. For the five detections

we find line fluxes in the range fCO(1−0) = (255 – 788) mJy km s−1 and an average line

width of σCO = 140± 25 km s−1. To estimate the average flux of the sample we stack the

CO spectra from all 11 galaxies. We find fCO(1−0) = 309± 30 mJy km s−1, and derive the

same flux independent of whether we take an average, a median, or a noise weighted sum.

Despite only one new detection, stacking the data allows us to place important constraints

on the gas properties of these starbursts. We will return to this in §2.3.

2.3 Analysis & Discussion: Galaxy Integrated Properties

Before discussing the dynamics, dust temperatures and molecular gas properties of our

cluster starburst sample, we first derive their stellar masses and star formation rates using

the multi-wavelength imaging available for the cluster. This allows the various proper-

ties (current and final stellar mass, dynamical state, gas depletion timescale) to be set in

context with the field and cluster population at the same redshift.

2.3.1 Stellar Masses

We begin by deriving absolute K-band magnitudes and stellar masses for the galax-

ies in our sample, using eight-band photometry from the optical to mid-infrared. The

BV RI-band fluxes were taken from Canada-France-Hawaii Telescope CFHT12k imaging

(Czoske et al. 2002; Treu et al. 2003). The J- and K-band photometry was extracted from

observations made with the WIRC camera on the Palomar Hale 200 inch telescope (Kneib

et al. 2003; Smith et al. 2005). In the mid-infrared, we perform aperture photometry using
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archival Spitzer IRAC imaging in the 3.6 and 4.5 µm bands. We estimate the magnitude

within a 2.5 arcsec aperture and then apply aperture corrections based on the PSF.

To fit the spectral energy distributions (SEDs) of each galaxy and hence infer star

formation histories and stellar masses, we employ the HYPERZ fitting code (Bolzonella

et al. 2000). Model SEDs are characterised by their star formation history and parame-

terised by age, reddening and redshift. Using spectral templates derived from the Bruzual

& Charlot (2003) evolutionary code we consider six star formation histories: a single

burst (B), constant star formation (Im), and exponential decays of timescales 3, 5, 15 and

30 Gyr (Sa,b,c,d respectively). We use the Calzetti et al. (2000) reddening law and, given

the obscured nature of these cluster starbursts, allow AV = 0.0 – 2.5 magnitudes in steps of

AV = 0.1. We find an average extinction across the sample of AV = 1.2± 0.4 magnitudes.

For each galaxy we fix the redshift of the synthetic templates to match the spectroscopic

redshift of the Hα emission.

We next integrate the best-fit star formation history to calculate the stellar mass of

each galaxy, accounting for mass loss from remnants using the STARBURST99 synthesis

models (Leitherer et al. 2011). Given the dusty nature of these galaxies, we note that there

are degeneracies between age and reddening which results in considerable uncertainty in

the stellar mass-to-light ratios. This issue is likely to be compounded by complex star

formation histories. To overcome some of these difficulties, we derive the rest-frame

K-band mass-to-light ratio on a galaxy-by-galaxy basis, and then reapply the average

value to the entire sample. The average mass-to-light ratio is 〈ϒ?〉= M�/LK
� = 0.35, and

using this technique we find galaxies in our sample to have stellar masses in the range

of M? = (1–10)× 1010 M�, with a median of M? = (2.8± 0.3)× 1010 M�. These are the

values we use in the rest of our analysis. Absolute K-band magnitudes and stellar masses

(using the median ϒ?) are provided in Table 2.2.

In Fig. 2.4 we plot the stellar mass derived from HYPERZ (i.e. before fixing the mass-

to-light ratio) against dynamical mass. Dynamical masses were derived assuming a simple

Keplarian relation: Mdyn = 2.2 r1/2v2
2.2 / Gsin2i, where r1/2 is the half-light radius, v2.2 is

the galaxy rotation velocity at 2.2 r1/2 (see §2.4 for analysis of the Hα dynamics) and i is

the inclination. Each point is coloured to represent the age of the best-fit SED template. In

general, older templates are associated with larger stellar masses, however there is much
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Figure 2.4: Stellar mass derived from the HYPERZ SED fitting code, versus dynamical
mass. Dashed lines represent regions of M?/Mdyn = 0.25, 0.5, 0.75 and 1.0. We consider
spectral templates of six different star formation histories (single burst to 30 Gyr expo-
nential decay), parametrised by age and dust extinction (AV = 0.0 – 2.5 magnitudes). For
dynamical masses we use the galaxy rotation curves to extract a velocity at 2.2 r1/2 (see
§2.4) and assume a simple Keplarian relation. Points are coloured by the age of the cor-
responding best-fit spectral template. Galaxies fit with older templates tend toward larger
stellar masses, however as well as intrinsic variations we attribute much of the scatter to
degeneracies between template age and dust reddening. We therefore derive the average
mass-to-light ratio and apply this single value to the whole sample (Fig. 2.5).
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Figure 2.5: Stellar mass, applying the same K-band mass-to-light ratio to all galaxies,
versus dynamical mass. Dashed lines represent regions of M?/Mdyn = 0.25, 0.5, 0.75 and
1.0. Given the degeneracies between age and dust reddening, the mass-to-light ratios
derived for individual galaxies in our “dusty starburst” sample are highly uncertain. We
therefore adopt the median value of M�/LK

� = 0.35, which reduces the scatter compared
to Fig. 2.4. Blue and red points represent galaxies for which we targeted the CO(1→ 0)
transition using IRAM (see §2.3.4). Successful detections (red points) tend to be for
galaxies with larger stellar masses.
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scatter due to the degeneracies between older and more dust reddened SEDs. In Fig. 2.5

we show how the distribution of stellar masses changes when a constant mass-to-light

ratio is applied. The range of stellar masses is reduced, with fewer low mass galaxies

(M?< 1010 M�). We note that successful CO(1→ 0) detections tend to be for galaxies

with larger stellar masses (galaxies brighter in the K-band).

To compare the stellar masses of our sample to those of field galaxies at the same

redshift, we refer to Muzzin et al. (2013) who study the stellar mass function of

galaxies in the COSMOS / UltraVISTA survey. They derive a characteristic mass of

M∗ = (5.8± 0.5)× 1010 M� at z∼ 0.4. This suggests that, on average, the galaxies in our

cluster starburst sample have slightly lower stellar masses than the “typical” field galaxy

at this redshift.

2.3.2 Star Formation Rates

To estimate the star formation rates of our sample we adopt two approaches, using

the (dust corrected) Hα fluxes and using the Herschel far-infrared imaging. We de-

tect strong Hα emission in the integrated spectra of all but one of our 28 IFU targets

(which we have consequently dropped from the sample), with luminosities in the range

LHα∼ 1040.6−41.8 erg s−1 (see Fig. 2.9 and Table 2.1). We also make clear detections of

the neighbouring [NII]λ6583 line, with ratios of−0.69< log([NII]/Hα)< 0.04 and a me-

dian of −0.4± 0.02. Since two galaxies exhibit log([NII]/Hα)> 0, we discuss the possi-

bility of AGN contamination in §2.4. We note that while the Hα star formation rates of

AGN may be unreliable, the far-infrared results are less likely to suffer contamination.

To estimate the star formation rate from the integrated Hα luminos-

ity, we apply the calibration of Kennicutt (1998a) for a Chabrier IMF

(SFR M� yr−1 = 4.6× 10−42 LHα erg s−1). To correct for dust extinction we use

use the attenuation, AV , returned by HYPERZ and adopt the dual reddenning law of Wuyts

et al. (2013), which assumes that the nebular emission is more attenuated than the stellar

continuum (since young, ionising stars will typically reside in dustier regions). Therefore

applying dust corrections of an average Agas = 1.8± 0.5 magnitudes, we estimate Hα star

formation rates of SFRHα = 0.3 – 16 M� yr−1.

To compare far-infrared star formation rates to those derived from Hα emission, we
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Figure 2.6: Infrared luminosity against K band absolute magnitude, with additional axes
to demonstrate how this relates to star formation rate and stellar mass. We use the median
mass to light ratio for our sample of M�/LK

� = 0.35 (see §2.3.1). Dashed lines indicate a
constant specific star formation rate (sSFR), with a red line used to illustrate the sSFR
of the so-called main-sequence at z = 0.4. We highlight galaxies observed using PdBI /
NOEMA, and find that detected galaxies tend to be of higher mass and brighter LIR. Red
points are used to represent galaxies with dynamics which deviate from a rotating disk
model, and blue points for galaxies which may have an AGN affect the dynamics (these
classifications are assigned in §2.4). We find no relationship between LIR, MK and Hα

dynamics.
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next exploit the Herschel PACS / SPIRE imaging of Cl 0024+17. For PACS, deblended

catalogs are available for the cluster core (Lutz et al. 2011), which cover five of the galax-

ies in our sample. To derive 250, 350 and 500 µm flux densities, we use SPIRE imaging

from the HerMES legacy programme (Oliver et al. 2012). We first align the astrometry

of the images by stacking at the 24 µm positions, applying sub-arcsec shifts in ∆RA and

∆Dec, and then deblend following the procedure of Swinbank et al. (2014), using the

Spitzer 24 µm sources as priors. From our sample of 27 cluster starbursts, 20 are detected

above 11 mJy at 250 µm. The median 250, 350 and 500 µm fluxes for the detections in

each band are 20± 3, 11± 2 and 9± 3 mJy, respectively.

To derive far-infrared luminosities we fit the far-infrared flux densities at the spectro-

scopic redshift, using templates from the Chary & Elbaz (2001), Draine et al. (2007) and

Rieke et al. (2009) SED libraries. These are empirical templates derived from star for-

mation dominated local (U)LIRGs, with temperatures of between 15 – 90 K (as measured

from the peak of the black-body fit). At the cluster redshift PAH and silicate features lie

bluewards of the 24 µm band, so we include all photometry between 24 µm and 500 µm.

Integrating the best fit SEDs we then derive bolometric luminosities of LIR = (0.47 –

2.47)× 1011 L�, corresponding to star formation rates of SFRIR = 3 – 26 M�yr−1. Far-

infrared luminosities and star formation rates are provided in Table 2.2.

For galaxies with many upper limits on their far-infrared fluxes, we take the Hα star

formation rate and multiply this by the average SFRIR/SFRHα ratio, to estimate SFRIR.

On average, the star formation rate derived from the far-infrared is a factor 2.2±0.4 larger

than that derived from the Hα, even after applying a dust correction to the Hα luminosity.

This is equivalent to an additional Agas = 0.9± 0.2 (or AV = 1.3± 0.2). This offset may

arise due to the differing structures between the dust and stars, particularly if the starbursts

are centrally concentrated in an otherwise extended disk. Since the SED fitting provides

a luminosity weighted result, the attentuation predicted from HYPERZ will be dominated

by the extended disk and so systematically low. In the remainder of our analysis we will

use the star formation rate estimates derived from the far-infrared fluxes.

In Fig. 2.6 we plot infrared luminosity versus absolute K-band magnitude for the

galaxies in our sample, also converting these values to star formation rate and stellar

mass, respectively. We derive specific star formation rates (sSFR) in the range (0.1 –
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0.9) M�Gyr−1 with a median of sSFR = 0.27± 0.03 Gyr−1. Our cluster galaxies (exclud-

ing one AGN candidate, see §2.4) lie on or above the so-called galaxy “main sequence” at

z∼ 0.4 (Elbaz et al. 2007; Noeske et al. 2007; Karim et al. 2011). On average the galaxies

are offset from the main sequence by a factor of 1.8± 0.2 at a fixed stellar mass, hence

we adopt the term “starburst”. In §2.4 we assign each galaxy a dynamical classification

– rotationally supported or irregular – based on their velocity map and line of sight dis-

persion map. In Fig. 2.6 we split the sample by these classifications and do not see any

strong trends between the star formation rate and the dynamical state of the galaxy.

2.3.3 Characteristic Dust Temperatures

The far-infrared observations also contain information regarding the characteristic dust

temperature, Td. Recently, observations of local clusters have revealed a population of

“warm dust” galaxies, with Td ∼ 50 K and LIRG-like luminosities (Rawle et al. 2012).

These galaxies may represent an early stage in the transition from spiral to S0. As cluster

spirals move through the dense ICM, ram pressure stripping acts to remove loosely-bound

gas (e.g. Fabello et al. 2012; Gavazzi et al. 2013; Boselli et al. 2014a; Jaffé et al. 2015)

and dust (e.g. Cortese et al. 2010; Sivanandam et al. 2014). If material is preferentially

stripped from the outskirts of the galaxy, where the dust is typically cooler (e.g. Bendo

et al. 2010; Galametz et al. 2012; Hinz et al. 2012), this may result in a higher characteris-

tic dust temperature. In order to test whether the cluster starbursts in our sample are more

or less evolved than the Bullet Cluster galaxies of Rawle et al. (2012), we plot far-infrared

luminosity versus dust temperature in Fig. 2.7. For consistency with other comparision

samples we employ a modified black-body curve of the form Sν ∝ νβBν (Td) to derive

the dust temperatures, with an emissivity index of β = 1.8. We only include galaxies with

detections in three or more bands, which constitutes approximately a third of the sample.

This cut means that a reliable estimate of Td can be derived.

On the plot, we include the relationship for local LIRGs / ULIRGs (which is derived

from a sample of 60 µm selected galaxies at z ∼ 0; Chapman et al. 2003; Chapin et al.

2009) and SPIRE-selected z< 1 (U)LIRGs (Symeonidis et al. 2013), both of which follow

a power-law relation between LIR ∼ 1010–1013 L�. We also plot similar measurements

of high-z submillimeter-selected cluster starburst galaxies in XCS J2215.9-1738 (z = 1.4),
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Figure 2.7: Characteristic dust temperature versus far-infrared luminosity for our cluster
starburst sample, compared to the relation established for local starburst galaxies (black
triangles show z< 1 (U)LIRGs; Symeonidis et al. 2013). Galaxies with detections in three
or more infrared bands are shown in red points. We also show stacks of all 27 galaxies
(open square) and those with fewer than three detections (open circle). We do not observe
a significant offset from the local relation, in either direction. For comparison we plot the
“hot” Bullet Cluster starbursts of Rawle et al. (2012) which may have been stripped of
their low density gas, and starbursts from a cluster at z = 1.4 (which are consistent with
high-redshift field galaxies; Ma et al. 2015).
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which show systematically colder dust temperatures at fixed luminosity compared to the

local relation (Ma et al. 2015). This is likely to be a result of the more extended gas

resevoirs compared to z = 0 galaxies of the same luminosity.

For our sample of cluster starbursts we derive a median dust temperature of

Td = 26± 1 K and far-infrared luminosity LIR = (9.1± 0.9)× 1010 L�. These dust tem-

peratures are consistent with those measured for low-redshift field galaxies of similar

far-infrared luminosity, and indeed we do not find any starburst galaxies with dust tem-

peratures exceeding 31 K. However, we note that in this analysis we have only included

the galaxies with detections in three (or more) bands, and for two of these galaxies we

place lower limits on Td since we do not resolve the peak of the emission. To infer the

average dust temperature of the remaining sample we stack the PACS and SPIRE images

in four different ways: all 27 galaxies, galaxies detected in ≤ 1 band, in ≤ 2 bands and

in < 3 bands. The characteristic dust temperatures of these subsets are all within 2 K of

each other (25 – 27 K), suggesting that the galaxies with well defined blackbody fits are

representative of the full of the sample. We plot the temperatures of the full sample stack

and the < 3 bands stack on Fig. 2.7 for comparison.

Finally, we note that although we only selected a small subsample for IFU follow-

up, the 24 µm MIPS parent sample comprises 60 galaxies in total, approximately one

third of which lie in the foreground group. To search for differences between the group

and cluster starbursts, we stacked the PACS and SPIRE imaging of the 24 µm-detected

galaxies in both subsets, but in each case the SPIRE colours and characteristic dust profiles

are consistent, with Td,cluster = 23± 2 K and Td,group = 23± 3 K respectively.

Thus, it appears that the characteristic dust temperatures of cluster starbursts are con-

sistent with a luminosity matched sample of field galaxies. In this respect, our sample

appear to be less evolved than the “hot” starbursts seen in some local clusters (Rawle

et al. 2012), perhaps indicating that they have been accreted more recently, and have not

yet had their low density gas stripped by the ICM.

2.3.4 Molecular Gas Masses

To determine how the molecular gas content of these galaxies compares to similar mass

field galaxies, and to calculate their likely final stellar mass if all available gas is converted
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to stars, we use the 12CO(1→ 0) emission. We overlay the CO spectra on top of the Hα

in Fig. 2.3, and find that the velocity centroid and line widths are well matched. The two

sets of spectra have an average velocity offset of 50± 10 km s−1, and an average ratio

between the Hα and CO line widths of 0.9± 0.2. This suggests that the CO traces the

same dynamics as the Hα emission, hence the ionised gas and molecular gas components

are similarly distributed throughout the disk.

Fitting each of these CO spectra with a single Gaussian profile, we find line lumi-

nosities of L′CO = (2.2 – 6.8)× 109 K km s−1 pc2 for the five detected galaxies (Solomon

& Vanden Bout 2005), and upper limits of L′CO = (3.9 – 4.9)× 109 K km s−1 pc2 for the

rest of the sample (see Table 2.2). To convert to the molecular gas mass we use

M(H2 +He) = αL′CO. The far-infrared luminosities of our targets are much larger than

what is typical of local star-forming galaxies such as the Milky Way (Gao & Solomon

2004), however as discussed in Geach et al. (2011) the choice of α = 4.6 may be the most

appropriate given the late-type morphologies of the sample, and that the average LIR/L′CO

ratio we measure (LIR/L′CO = 25± 5) is comparable to local spirals. Using this calibration

we estimate molecular gas masses of Mgas = (1.0 – 3.0)× 1010 M� which equates to gas

fractions of fgas = Mgas/(Mgas + M?) = 0.11 – 0.39. As discussed in §2.2.4 we also stacked

all 11 CO spectra to better characterise the sample as a whole. Using this stack we find

a median line luminosity L′CO = (2.7± 0.3)× 109 K km s−1 pc2, which translates to a gas

mass of Mgas = (1.2± 0.2)× 1010 M� (towards the lower end of our detections). We will

use this as a representative gas mass for our sample in all of the analysis below.

Our CO sample have an average star formation rate of (13± 1) M� yr−1 (compared

to ∼ 10 M� yr−1 for the wider sample) and so we estimate a gas depletion timescale of

∼1 Gyr, which is approximately∼ 0.25 of the cluster crossing time. This may explain the

non-detections of the CO in the (projected) cluster core. We predict final stellar masses

for our sample with an average of ∼ 4× 1010 M�. From a sample of local cluster S0s

(0.04< z< 0.07; WINGs survey) Vulcani et al. (2011) find a characteristic stellar mass

of M∗ = 2.2× 1011 M�. This implies that our cluster starbursts are destined to be sub-

M∗ members of the S0 population, unless they can achieve further growth through (for

example) minor mergers. It may be that the most massive S0s are already in place at this

redshift, or that their progenitors are passive spiral galaxies that have already completed
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Figure 2.8: Far-infrared and CO luminosities of our sample, in comparison to other star-
forming galaxies across cosmic time. Ivison et al. (2013) showed that the LIR – L′CO prop-
erties of local disks, LIRGs and ULIRGs (Genzel et al. 2010), z = 1 – 2.5 BzK galaxies
(also Genzel et al. 2010) and z = 1 – 3 SMGs may be described by a single relation. Al-
though we have sufficient data to place only 11 galaxies in this context, our cluster star-
bursts are also consistent with this trend.
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their starburst phase.

As shown in Fig. 2.2, our CO sample includes galaxies with a range of cluster-centric

radii, which inhabit both the cluster and group component. While all three galaxies ob-

served in the subgroup are detected in CO, only two of eight galaxies are detected in the

larger structure. This could be an environmental trend. However, we also caution that

the galaxies which we detect also tend to be more far-infrared luminous, and given the

correlation between LIR and L′CO, this may simply mean that the CO emission is easier to

detect. Of course we cannot rule out the possibility that the same sources are brighter in

the far-infrared due to some evolutionary effect. Considering our limited sample size it

is difficult to draw definitive conclusions with respect to the gas content as a function of

cluster radius, but this motivates a more detailed future study with a larger sample.

To compare the gas masses of these starbursts to galaxies on the star-forming “main-

sequence” at this redshift, we use the scaling relations of Genzel et al. (2015). These

relations predict that a star-forming galaxy at z∼ 0.4 with a similar stellar mass will

have a gas-to-stellar ratio of log(Mgas/M?)∼−0.9. This implies an average gas mass

of Mgas∼ 4 – 8× 109 M�. The molecular gas masses of our sample therefore appear to

be slightly higher (a factor of ∼ 2) than those of “typical” galaxies of similar stellar mass

at this redshift. In Fig. 2.8 we demonstrate that the far-infrared and CO luminosities of our

sample are consistent with the LIR – L′CO relation fit to low- and high-redshift star-forming

galaxies (including LIRGs, ULIRGs and SMGs) in Ivison et al. (2013).

Finally, we compare the gas properties of our cluster starbursts to starbursts in the field

population, using a sample of ULIRGs (LIR > 1012 L�) at 0.2< z< 1 taken from Combes

et al. (2013). This comparison sample have star formation rates ∼ 10× higher than our

cluster starbursts, but by mass matching their sample to the median stellar mass of our

galaxy sample, we derive an average gas mass of Mgas = (1.2± 0.5)× 1010 M�. This is

consistent with the molecular gas masses derived for our cluster starburst sample.

On the basis of our CO observations it appears that these cluster starburst galaxies are

richer in molecular gas than typical star-forming galaxies at a similar redshift. We derive

molecular gas masses which are more closely matched to those of starbursts (ULIRGs)

in the field with similar infrared luminosities. This could suggest a scenario in which the

gas of infalling galaxies is compressed upon their encounter with the ICM, converting



2.4. Analysis & Discussion: Ionised Gas Dynamics 51

available HI into H2 and triggering a burst of star formation. These galaxies may have

been typical star-forming galaxies upon accretion to the cluster, yet have their molecular

gas fraction enhanced through this process. We will return to these results in the final

section.

2.4 Analysis & Discussion: Ionised Gas Dynamics

2.4.1 Disk Fitting

Now that we have established the integrated properties of our sample, we next investigate

the spatially resolved properties as measured from the Hα emission. The galaxies in

our sample appear to resemble the field population in terms of their stellar masses and

characteristic dust temperatures (although possibly with higher molecular gas masses),

and so our aim in this section is to assess how evolved these galaxies appear in terms of

their gas dynamics. We will search for evidence of the mechanisms which may eventually

quench the star formation in these galaxies and transform their kinematics from regular,

disk-like rotation to pressure-supported S0s.

In Fig. 2.9 we show the two-dimensional maps of Hα emission, velocity, and line of

sight velocity dispersion for all 27 detected galaxies. In each instance there is a clear ve-

locity gradient with peak-to-peak differences in the range ∆v = 100 – 500 km s−1. We note

two galaxies (ID 23 and ID 24) exhibit very high [NII]/Hα ratios (i.e. log[NII]/Hα& 0);

indicating the presence of an AGN (e.g. Kewley et al. 2013). Additionally, these

sources show irregular velocity dispersion profiles, with spatially offset broad emission

(& 150 km s−1; Fig. 2.9), which may indicate that outflows are affecting the gas kinemat-

ics in these sources (e.g. Harrison et al. 2016). For these reasons, we omit these two

galaxies from the dynamical analysis below, leaving a sample of 25.

We next assign a dynamical classification to each of the galaxies (Fig 2.6; Table 2.3).

We classify 22 of 25 starbursts (∼ 90 %) as rotationally supported, since their velocity

map is regular (with a characteristic “spider” pattern), their rotation curve smooth, and

they possess a line of sight velocity dispersion map which peaks towards the dynamical

centre (caused by beam smearing; Chapter 3). The optical morphologies of these galaxies

also appear smooth (and in some cases disk-like), with no evidence of multiple centres,
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Figure 2.9: Broad-band image, Hα morphology and dynamical maps for all 27 galaxies
in our cluster starburst sample. Left to right we show: Subaru or HST broad-band image
(dashed lines illustrate the FLAMES field of view), Hα intensity map (with 5kpc scale
bar), velocity field, best-fit model velocity field, dispersion map, and the rotation curve
(red line is the model fit) and line of sight dispersion profile (red line is σ0) extracted along
the primary axis. The solid line on the velocity field shows the position angle, with dashed
lines illustrating the 1σ uncertainty. Square points show the model dynamical centre.
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Figure 2.9: continued
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Figure 2.9: continued
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tidal tails or merger activity. We class the remaining three galaxies as irregular, since they

show complex dynamics in their two dimensional maps, rotation curves or dispersion

profiles. This fraction of disks is consistent with field surveys at these redshifts, which

have suggested that massive galaxies are the most well ordered at all redshifts up to z∼ 1.5

(e.g. Kassin et al. 2012; Wisnioski et al. 2015; Stott et al. 2016; but see also Puech et al.

2007). In Fig. 2.6 we demonstrated that the kinematics do not appear to be correlated with

far-infrared luminosity or K band magnitude.

To provide a quantitative measure of the dynamics and derive their basic parameters

(such as disk inclination, i and hence true rotational speed), we fit each each velocity field

using a simple disk model with an arctan rotation curve (e.g. Courteau 1997). In total

we fit for six different parameters: the dynamical centre (xc, yc), asymptotic velocity vc,

velocity at centre of rotation v0, turnover radius rt , position angle θ, and disk inclination

i. Although all velocity fields show small discrepancies, the majority appear to be well fit

by this simple model. We calculate the root-mean-square of the residuals in each velocity

map and find a sample average of < vdata− vmodel >= 26± 15 km s−1. Dynamical maps

are shown for the full sample in Fig. 2.9. We note that the position angles returned by the

model fit clearly pass through the regions of minimum and maximum rotation velocity.

We also compare our inclination values to those derived from the HST and Subaru optical

morphologies. Although there is some scatter, we find our conclusions in the following

sections would be unchanged had we used inclinations derived directly from the images

instead. Where the inclination of a particular galaxy is more uncertain, this is reflected in

the larger errors assigned to dynamical parameters in Table 2.3.

Using the best-fit disk parameters, we extract one-dimensional rotation curves by col-

lapsing the velocity field along the major kinematic axis. It is clear from these data that a

number of the rotation curves flatten beyond ∼ 2kpc. To fully characterise this shape we

fit the rotation curves with a model that includes a dark matter component. The velocity

field can therefore be expressed as v2 = v2
d + v2

h, where the subscripts denote the stellar

disk and dark matter halo respectively. For the stellar disk, we assume the stars follow

an exponential surface density (Freeman 1970) which is characterised by a disk mass and

radius, and for the dark matter we assume v2
h(r)= GMh(< r) / r, with a dark-matter den-

sity profile that is described by a core density and radius. Further details of the modelling
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used are discussed in Swinbank et al. (2017). Although we do not attempt to infer the

stellar/dark halo fractions (due to strong degeneracies), this parameterisation allows us to

improve our measurement of total rotation speed at the disk radius. While in most cases

we could extract this velocity directly from the raw data, a model is useful for when this

is not possible. In the following analysis we use inclinations from the two-dimensional

disk model and rotation velocities from this one-dimensional rotation curve fit.

As a representative rotation velocity we choose v2.2, the velocity at 2.2 times the half-

light radius, since this typically samples the rotation curve in a region where it is no

longer rising steeply. Of our IFU sample, ten are covered by deep HST imaging and the

remaining 17 have been imaged by Subaru (see Fig. 2.9). We use these images to establish

the continuum half-light radius (r1/2) by fitting a series of ellipses at the galaxy position

angle. We deconvolve for the seeing, and use the model rotation curve to estimate the

velocity at this radius. We give this rotation speed and the corresponding half-light radius

in Table 2.3.

2.4.2 Turbulence and Rotational Support

To continue to address the question of which physical mechanism(s) drives the star for-

mation in cluster starbursts, we next measure the turbulence in the ISM. By comparing

to galaxies in the field with a mass and star formation rate matched sample, this will al-

low us to quantify the effect of environment on the stability of the disk. To calculate

the intrinsic velocity dispersion, σ0, we first correct for beam smearing effects using the

two-dimensional velocity field. For each pixel we consider all neighbouring pixels within

the PSF, and calculate the maximum velocity gradient across this element ∆v/∆R. This

contribution to the dispersion is then removed and we calculate the average velocity dis-

persion across the entire galaxy image (inverse weighting by the noise at each pixel). The

final corrected velocity dispersions, σ0, for each galaxy are given in Table 2.3 and their

values also shown relative to the dispersion profiles in Fig. 2.9. It can be seen that these

σ0 values are comparable to the velocity dispersion in the outer regions of the disk, which

is less affected by beam smearing.

We find our cluster starbursts to have a median velocity dispersion of

σ0 = 50± 15 km s−1. Dynamical studies between 0.2< z< 1.0 report values in the range
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σ0 = 25 – 60 km s−1 (e.g. Kassin et al. 2012; Wisnioski et al. 2015; Stott et al. 2016),

however it is difficult to make direct comparisons since estimates are highly sensitive to

the properties of the sample and the method used (see Stott et al. 2016 and Chapters 3

and 4 for further discussion). To derive σ0 in a consistent way and compare to the tur-

bulence of field galaxies at similar redshift, we exploit the sample of Swinbank et al.

(2017). This sample consists of ∼ 500 [OII] emitters serendipitously identified in a se-

ries of commissioning and science verification observations using MUSE. There were 16

extragalactic fields observed, with the science targets largely “blank” fields or studies of

high redshift (z> 4) galaxies and quasars. We match the redshift, stellar mass and star

formation rate of this star-forming sample to our cluster starbursts and find a median of

σ0 = 50± 10 km s−1. This suggests that turbulence in the gas disks of our galaxies has not

yet been enhanced by the various physical processes acting in this dense environment.

The ratio between inclination corrected rotation velocity and intrinsic velocity dis-

persion, v/σ0, is often used as a measure of rotational support against turbulent pressure.

We therefore calculate this parameter for each galaxy in order to compare their dynamics

to the field population and cluster S0s, using the characteristic rotation velocities (v2.2)

calculated in §2.4.1. Across our sample we find inclination corrected values between

v2.2/σ0 = 2.8 – 8.2, with a median of v2.2/σ0 = 5± 2. Given that v/σ0 < 1 is typically used

as a cut-off for the classification of “dispersion dominated” galaxies, this further supports

our conclusions that the majority of our sample are undisturbed, rotating disks.

In Fig. 2.10 we compare the rotation of the dusty starbursts to local S0s and spiral

galaxies in low density environments at similar redshift. We plot the v/σ0 values of 32

rotationally supported galaxies at 0.4≤ z≤ 0.75 (also observed using FLAMES). Puech

et al. (2007) find a median v/σ0 = 3.8± 2, which is consistent with our sample. We also

see that local S0s (Emsellem et al. 2011) typically have values of v/σ0≤ 1. The dynamics

of infalling cluster galaxies must evolve significantly if a transformation is to take place

between spirals and S0s.

The difference between the cluster starburst population and S0s is again evident in the

lower panel of Fig. 2.11. We analyse the dynamics of local S0s (Emsellem et al. 2011),

star-forming field galaxies (Swinbank et al. 2017) and our sample, within the context of

the K-band Tully-Fisher relation. For a fixed K-band magnitude cluster starbursts appear
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to rotate more rapidly than local S0s. Conversely, all three populations lie along the same

σtot – MK relation, where σtot is the linewidth of the galaxy integrated spectrum, tracing

both rotational and turbulent motions. This confirms that it is the v/σ0 ratio which is

fundamentally different.

Finally, to search for trends in the dynamics as a function of cluster-centric radius, we

divide the sample into galaxies within the (projected) cluster core, in the outskirts, and

in the foreground group. However, we do not find any link between whether a galaxy

resides in one of these regions and its dynamics (in terms of the observed dynamical

state, σ0 or v2.2/σ0). We show the median v2.2/σ0 of these two subsamples in Fig. 2.10.

The kinematics also do not appear to be strongly correlated with galaxy mass or star

formation rate (see Fig. 2.6). Although our results may be complicated by projection

effects, it appears that the dynamics of the galaxies are not a strong function of location

within the cluster. This implies that any dynamical transformation must take place over a

longer period than the duration of the starburst (∼ 1 Gyr), or once the starburst has been

quenched.

2.4.3 Specific Angular Momentum

Although the ratio of v / σ0 is a useful measure of the dynamical state of a galaxy, a better

quantification is the spin, λR, since this encodes how the rotational speed and line of sight

velocity dispersion vary with radius. Dynamical studies of local galaxies have shown that

early-type and late-type galaxies tend to (broadly speaking) have different spin values

(Querejeta et al. 2015; Fogarty et al. 2015). Emsellem et al. (2011) define λR, which is

essentially a proxy for specific angular momentum, as:

λR =
∑

N
i=1 FiRi|Vi|

∑
N
i=1 FiRi

√
V 2

i +σ2
i

(2.4.1)

where Fi, Vi, σi, and Ri are the flux, velocity, velocity dispersion and radius of the ith

pixel respectively. This spin parameter was initially used in the classification of early-

type galaxies, with Cappellari et al. (2011) finding ellipticals and S0s could be split into

two regimes – fast rotators and slow rotators – depending on their spin and ellipticity.

However more recently the spin has been combined with the concentration of the stellar
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Figure 2.11: Dynamical properties in relation to local S0 galaxies (Emsellem et al. 2011)
and [OII] emitters of a similar redshift (Swinbank et al. 2017). Top: Galaxy integrated
linewidth (σtot) versus K-band absolute magnitude. σtot traces both the rotational and tur-
bulent motions within a galaxy and so steadily increases with MK for late-types and S0s
alike. Bottom: K-band Tully-Fisher relation. For a given K-band magnitude, cluster star-
bursts in our sample are rotating more rapidly than local S0s. For starbursts to transition
to S0s any increase in mass must be accompanied by a decrease in the ratio between the
rotational velocity and velocity dispersion (i.e. v/σ0).
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light profile, as a diagnostic tool to test how galaxies might dynamically evolve from one

type to another. Concentration, c, is defined as the ratio between the radii enclosing 90%

and 50% of the Petrosian flux.

In Fig. 2.12 we compare the spin and concentration of our sample to the properties of

spirals and S0s from the CALIFA survey (z∼ 0; Querejeta et al. 2015). For consistency

with the comparison samples we evaluate λR for all pixels within the half-light radius

and derive a median λR = 0.83± 0.06 and concentration of c = 2.1± 0.3 for the cluster

galaxies. As Fig. 2.12 shows, the dynamics and concentration of our galaxies are con-

sistent with field spirals, implying that the dynamics of our sample are still relatively

unaffected by the cluster environment. If these galaxies are to eventually transition to S0s

they clearly must undergo a process (or several) which not only dynamically heats the

disk and reduces rotational support, but which also increases the bulge to disk ratio (and

hence increases the concentration by a factor ∼ 2).

Interactions with the dense ICM can effectively strip the gas disks of spirals and lead

to a rapid truncation of star formation. It was recently suggested that ram pressure strip-

ping may even cause a temporary enhancement of star formation in central regions (Bekki

& Couch 2011; Bekki 2014). However, the same numerical simulations predict little ef-

fect on the dynamics of these galaxies due to interaction with the ICM. Conversely, tidal

interactions are very efficient at disrupting the disk. Repeat galaxy-galaxy encounters can

act to increase the velocity dispersion and decrease the spin, potentially channelling gas

inwards to fuel episodes of bursty star formation. Indeed, Bekki (2014) predict that a

high spin, low concentration late-type galaxy in a high mass group may be transformed

via tidal interactions into a low spin, high concentration S0, over a period of 2 – 4 Gyr.

We overlay this evolution in Fig. 2.12. Although the timescales likely increase in a clus-

ter environment, such a mechanism would simultaneously achieve the two key changes

required for a spiral to S0 transition. In this scenario, the concentration is increased grad-

ually via multiple bursts of star formation in the central regions, and we may expect to

find starbursts with a range of λR and c values. However, our cluster starburst sample

are exclusively high-spin, low-concentration galaxies. We propose instead that the initial

encounter with the ICM is responsible for triggering the starbursts observed in this clus-

ter. Repeat galaxy-galaxy interactions may occur after the bursts have been quenched, to
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Figure 2.12: Galaxy spin, λR versus concentration, c for our starburst sample, as com-
pared to galaxies of various morphological types from the CALIFA survey (Querejeta
et al. 2015). We also overlay predictions from the numerical models of Bekki & Couch
(2011) who simulate the impact of tidal interactions on a typical spiral galaxy in a dense
environment. Squares along the tracks represent 0, 2.8, 4.2 and 5.6 Gyr since the be-
ginning of this simulation. The high spin values of our galaxies suggest kinematics that
are consistent with recently accreted field spirals. It seems that the mechanism which
initiated the current burst of star formation has not had a dramatic effect on the disk dy-
namics. In order to make a transition between spirals and S0s these galaxies must lose
angular momentum and increase their bulge to disk ratio (and therefore concentration).
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eventually achieve the ∼ 40% decrease in angular momentum.

2.4.4 The Beginning of the End?

Overall, the characteristic temperatures, gas masses and dynamics of these dusty starburst

galaxies suggest that they have only recently been accreted from the field. The far-infrared

star formation rates are on average twice that of a typical star-forming galaxy at this

redshift, with our CO observations suggesting there is sufficient cold gas to sustain this

activity for another ∼ 1 Gyr. In fact we calculate molecular gas masses consistent with

local ULIRGs. Dust temperatures in line with the local relation are further evidence that

the gas disks have not yet been stripped by the intra-cluster medium.

The dynamics and morphologies of the cluster galaxies appear disk-like, with a high

degree of rotational support (v/σ0) and a high angular momentum (λR). There is no evi-

dence to suggest that the current bursts of star formation were initiated by mergers or tidal

interactions. Instead, it is possible that they were triggered by ram pressure, as an initial

encounter with the ICM compresses the ISM of the infalling galaxies. This could also

convert available HI into molecular H2, and may explain why these galaxies are so rich

in star-forming gas. Such a proccess is consistent with the small excess of starbursts seen

inside the virial radii of some clusters (e.g. Hogg et al. 2006).

As we have seen in Fig. 2.12, in order for the cluster starbursts to transition from

spirals to S0s they must increase their concentration (c) and decrease their angular mo-

mentum (λR). Multiple galaxy-galaxy interactions (harassment) seem a likely mechanism

for the dynamical transformation, however the growth of the bulge does not appear to oc-

cur simultaneously. It is more likely that dynamical heating through tidal interactions

occurs much later (≥ 1 Gyr), after the molecular gas has been depleted and/or stripped.

Of course, it is also possible that these galaxies do not transition to S0s, but follow an

alternative evolutionary path.

The current burst looks set to increase the mass of these galaxies by ∼ 1× 1010 M�,

with final stellar masses consistent with sub-M∗ S0s. However, how this starburst episode

may affect the bulge to disk ratio remains to be seen. To determine how much of the star

formation is confined to central regions of the galaxy requires high resolution millime-

tre/submillimetre observations, for example using ALMA.



2.5. Conclusions 64

2.5 Conclusions

At low redshift the effects of environment on the morphology, gas content and star for-

mation of galaxies is a well established phenomenon. Yet we know relatively little about

the mechanisms which drive these trends, and how they depend on the properties of both

the cluster, and the infalling galaxies on which they act. It is vital to develop a greater

understanding of these issues if we are to explain the reversal of the morphology–density

relation at high redshift.

In this study we investigated the dynamics, star formation and gas properties of 27

cluster starbursts from Cl 0024+17 (z∼ 0.4), to learn more about the nature of these galax-

ies, and how dense environments at high redshift can promote star formation in some

infalling galaxies. This problem is key to explaining the early and rapid formation of

today’s massive cluster galaxies. Our main findings are as follows:

• We use deblended Herschel PACS / SPIRE maps to derive bolometric luminosities

of LIR = (0.47 – 2.47)× 1011 L� and star formation rates SFRIR = 5 – 26 M�yr−1.

The enhanced activity of these galaxies places them above the star-forming “main-

sequence” for this redshift and stellar mass (an average of ∼ 3× 1010 M�).

• From the far-infrared photometry, we derive characteristic dust temperatures of

Td = 26± 1 K, consistent with the local LIR-Td relation for field galaxies. We do

not find any evidence that the cold gas/dust has been stripped by the interaction of

the galaxy ISM with the intra-cluster medium. If such an interaction occurs, then it

must act on a much longer timescale, or occur after the initial burst.

• We search for the CO(1→0) emission from 11 galaxies in our sample. Of these

targets, eight are within the cluster and three within the foreground group. Only

two of eight galaxies are detected in the larger structure, while all three galaxies

in the foreground group are detected at > 5σ. We find the average CO-derived gas

mass of the sample (stacking detections and non-detections) to be ∼ 1× 1010 M�.

A median star formation rate of ∼ 13 M� yr−1 suggests gas depletion timescales of

∼ 1 Gyr, which is ∼ 0.25 of the cluster crossing time. Our galaxies appear to be

richer in star-forming gas than typical field galaxies at the same redshift.
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• We use FLAMES multi-IFU data to study the ionised gas dynamics of these cluster

starbursts, as traced by Hα emission, and after excluding AGN we find the majority

of the sample (∼ 90%) have dynamics that appear to be consistent with undisturbed,

uniformly rotating disks. To quantify the ratio between rotation and pressure sup-

port we calculate v/σ0. The average for our sample is v/σ0 = 5± 2, in line with

spirals of a similar redshift, further demonstrating that these galaxies have only

recently accreted from the field.

• We also measure the spin, λR (a proxy for specific angular momentum) and concen-

tration, c of the cluster starbursts. The relation between λR and c provides a useful

means to follow the morphological and dynamical evolution of these galaxies. We

derive a median spin and concentration of λR = 0.83± 0.06 and c = 2.1± 0.3, re-

spectively. These values are consistent with typical field spirals. In order to evolve

to S0s, these galaxies must double their concentration (through growth of the bulge)

and decrease their angular momentum by a factor of ∼ 1.5.

• Although limited by small numbers, galaxies in the group do not show evidence of

an accelerated evolution. The only difference between the “main” cluster and group

components is (potentially) in the molecular gas properties, where all three group

members are detected in CO but only two of eight galaxies are detected in the larger

structure.

It appears that these dusty, star-forming galaxies must have only recently been ac-

creted to the cluster, with their dynamics, morphologies and molecular gas consistent

with star-forming field galaxies. They show no evidence of having yet been significantly

disrupted by the dense environment. We conclude that for these z∼ 0.4 cluster galaxies

to make the transition to S0s they must undergo a dynamical heating of the disk, and

an increase in concentration. While ICM-related processes such as ram pressure strip-

ping will truncate the gas disk, the full transformation from spiral to S0 is unlikely to

be achieved by this process alone. Of the various available mechanisms, galaxy-galaxy

encounters within the cluster seem most probable. Since ∼ 90% of our sample display

disk-like dynamics, this must occur after the initial burst has been quenched, and without

an associated starburst.
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Table 2.1: Observed properties

ID RA Dec zHα S24 fHα log([NII]/Hα) B R Group
(J2000) (J2000) (µJy) (10−16 erg s−1) (AB) (AB)

1 6.59050 17.3240 0.3804 950 ± 40 14.0 ± 0.2 -0.48 ± 0.01 21.63 19.80 y
2 6.81270 17.2131 0.3804 950 ± 50 4.2 ± 0.2 -0.11 ± 0.03 22.53 19.98 y
3 6.71870 17.2332 0.3800 830 ± 20 10.6 ± 0.3 -0.37 ± 0.02 22.31 20.10 y
4 6.53730 17.2530 0.3950 770 ± 30 2.2 ± 0.1 -0.28 ± 0.04 23.88 21.32 n
5 6.76520 17.1912 0.3955 706 ± 50 6.1 ± 0.1 -0.44 ± 0.02 22.42 20.45 n
6 6.60820 17.2976 0.3986 440 ± 20 1.5 ± 0.1 -0.24 ± 0.06 24.03 21.34 n
7 6.75580 17.3446 0.3808 350 ± 30 8.5 ± 0.2 -0.52 ± 0.01 22.16 20.48 y
8 6.66020 17.1254 0.3916 201 ± 5 1.50 ± 0.08 -0.38 ± 0.06 22.98 20.76 n
9 6.55990 17.2222 0.3944 < 150 0.83 ± 0.07 -0.29 ± 0.07 23.36 21.15 n
10 6.66080 17.2539 0.3935 < 150 0.72 ± 0.08 -0.22 ± 0.07 23.28 20.95 n
11 6.64020 17.2055 0.3970 350 ± 50 2.30 ± 0.08 -0.67 ± 0.06 23.57 21.71 n
12 6.58330 17.0687 0.3788 670 ± 40 5.27 ± 0.09 -0.42 ± 0.01 22.86 21.00 y
13 6.60210 17.1917 0.3904 290 ± 30 2.51 ± 0.06 -0.58 ± 0.05 23.09 21.43 n
14 6.65550 17.0162 0.3960 600 ± 30 6.44 ± 0.08 -0.39 ± 0.01 22.40 20.52 n
15 6.67300 17.1838 0.3911 311 ± 5 4.7 ± 0.2 -0.30 ± 0.04 22.26 20.10 n
16 6.63200 17.1545 0.3997 227 ± 4 5.1 ± 0.2 -0.35 ± 0.03 22.86 20.80 n
17 6.66270 17.1672 0.3947 214 ± 4 2.5 ± 0.1 -0.36 ± 0.05 23.91 21.42 n
18 6.63970 17.1566 0.3913 179 ± 4 3.1 ± 0.1 -0.30 ± 0.03 23.01 20.80 n
19 6.69910 17.1619 0.3993 307 ± 7 8.9 ± 0.2 -0.27 ± 0.02 22.13 20.17 n
20 6.52550 17.2054 0.3955 300 ± 50 1.33 ± 0.08 -0.44 ± 0.06 23.92 21.71 n
21 6.74790 17.0626 0.3960 280 ± 30 3.8 ± 0.1 -0.34 ± 0.03 22.53 20.51 n
22 6.63740 17.2581 0.3809 345 ± 30 3.05 ± 0.06 -0.36 ± 0.02 23.35 21.29 y
23 6.72500 17.2343 0.3916 300 ± 30 1.11 ± 0.07 -0.02 ± 0.04 23.79 21.03 n
24 6.58090 17.1174 0.3970 340 ± 30 3.1 ± 0.2 0.04 ± 0.03 23.46 20.69 n
25 6.64270 17.1011 0.3813 260 ± 30 4.5 ± 0.1 -0.69 ± 0.04 22.89 21.26 y
26 6.60710 17.2015 0.3929 340 ± 40 9.4 ± 0.2 -0.46 ± 0.03 22.30 20.53 n
27 6.65550 17.1768 0.3967 158 ± 5 5.2 ± 0.1 -0.49 ± 0.03 23.11 21.21 n

NOTES: The B- and R- band magnitudes were extracted at the same aperture, in order to
derive the colours plotted in Fig. 2.2. In the final column we specify whether each galaxy
is a member of the cluster (n) or the foreground group (y), as discussed in §2.2.1.
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Table 2.2: Derived properties – galaxy integrated

ID LIR SFRIR Td MK M? L′CO Mgas

(1011 L�) (M� yr−1) (K) (AB) (1010 M�) (109 K km s−1 pc2) (1010 M�)

1 2.5 +2
−3 26 +3

−13 29 ± 11 -22.8 5.6 ± 2.5 6.8 ± 0.6 3.1 ± 0.3
2 0.5 +0.9

−0.3 * 11 +2
−2 > 20 -23.4 9.6 ± 2.9 2.6 ± 0.3 1.2 ± 0.3

3 1.4 +1.5
−1.2 14 +2

−1 25 ± 12 -23.0 6.8 ± 2.0 6.4 ± 0.5 2.9 ± 0.2
4 1.3 +2

−1 13 +9
−2 > 18 -22.5 4.1 ± 1.2 < 3.9 < 1.8

5 0.6 +0.8
−0.4 6 +3

−1 > 23 -22.2 3.0 ± 1.4 4.3 ± 0.6 2.0 ± 0.3
6 0.5 +0.9

−0.3 * 10 +2
−2 31 ± 22 -22.4 3.7 ± 1.1 ... ...

7 0.9 +1.0
−0.8 10 +1

−2 > 11 -21.8 2.1 ± 0.8 ... ...
8 0.8 +0.9

−0.7 8 +1
−1 24 ± 2 -22.2 3.2 ± 1.0 ... ...

9 0.8 +0.9
−0.7 8 +1

−1 > 11 -21.7 1.9 ± 0.6 ... ...
10 0.6 +0.7

−0.5 6 +1
−1 > 11 -22.1 2.9 ± 0.9 ... ...

11 1.6 +3
−1 17 +13

−3 25 ± 1 -21.3 1.4 ± 0.5 ... ...
12 1.0 +1

−0.9 11 +1
−2 > 15 -21.9 2.5 ± 0.9 ... ...

13 0.5 +1
−0.4 * 3 +1

−1 24 ± 2 -20.9 1.0 ± 0.4 < 4.3 < 2.0
14 0.5 +1

−0.4 * 17 +3
−3 > 11 -22.1 2.8 ± 1.1 ... ...

15 0.6 +2
−0.4 * 9 +2

−2 28 ± 1 -22.6 4.6 ± 2.1 ... ...
16 0.5 +1

−0.4 * 11 +2
−2 26 ± 1 -22.0 2.6 ± 1.2 2.2 ± 0.7 1.0 ± 0.3

17 0.5 +2
−0.1 * 12 +2

−2 26 ± 1 -22.0 2.5 ± 1.2 < 4.4 < 2.0
18 0.5 +0.9

−0.3 * 5 +1
−1 27 ± 2 -22.1 2.8 ± 0.9 < 4.1 < 1.9

19 1.2 +1
−1 13 +1

−3 26 ± 2 -22.7 5.0 ± 1.8 ... ...
20 0.9 +5

−1 20 +31
−9 > 11 -21.7 2.1 ± 0.9 ... ...

21 0.6 +0.7
−0.5 6 +1

−1 > 11 -22.3 3.4 ± 1.7 ... ...
22 1.0 +4

−0.9 11 +35
−1 > 11 -21.5 1.7 ± 0.8 ... ...

23 1.3 +2
−1 14 +7

−4 > 11 -21.7 2.0 ± 0.6 ... ...
24 1.3 +2

−0.6 13 +7
−6 > 11 -22.6 4.5 ± 1.4 ... ...

25 0.5 +0.5
−0.5 * 6 +2

−2 > 11 -21.0 1.1 ± 0.4 ... ...
26 0.6 +0.6

−0.6 6 +1
−2 30 ± 2 -22.1 2.8 ± 1.3 < 4.9 < 2.3

27 0.5 +0.9
−0.4 * 8 +2

−2 27 ± 2 -21.3 1.3 ± 0.6 < 4.6 < 2.1

NOTES: LIR is the bolometric luminosity of the best-fit template SED fit to Herschel far-
infrared photometry. Star formation rates with an adjacent ∗ were derived by applying the
average SFRHα/SFRIR correction factor, since these galaxies have detections in only ≤ 1
bands. The characteristic dust temperatures, Td, come from a single-temperature black-
body fit, assuming an emissivity index of β = 1.8. Stellar mass estimates were calculated
using a constant mass-to-light ratio of M�/LK

� = 0.35. L′CO and Mgas are derived from a
Gaussian fit to IRAM / NOEMA CO(1→0) spectra (see §2.3.4), for which we assume a
CO to H2 conversion factor of α = 4.6.
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Table 2.3: Derived properties – ionised gas dynamics

ID σ0 r1/2 v2.2 v2.2/σ0 λR Class
(km s−1) (kpc) (km s−1)

1 36 ± 5 6.0 ± 0.4 120 ± 10 3.4 ± 0.5 0.71 ± 0.02 R
2 76 ± 8 6.2 ± 0.5 210 ± 40 2.8 ± 0.7 0.74 ± 0.01 R
3 72 ± 5 5.5 ± 0.4 270 ± 20 3.7 ± 0.5 0.77 ± 0.01 R
4 67 ± 5 8.5 ± 0.4 300 ± 20 4.4 ± 0.6 0.82 ± 0.01 I
5 53 ± 5 8.5 ± 0.5 230 ± 10 4.3 ± 0.5 0.82 ± 0.01 R
6 70 ± 9 9.6 ± 0.5 310 ± 20 4 ± 2 0.83 ± 0.01 R
7 48 ± 5 6.0 ± 0.5 280 ± 30 5.7 ± 0.9 0.83 ± 0.02 R
8 37 ± 5 5.8 ± 0.5 260 ± 50 7 ± 2 0.90 ± 0.02 R
9 28 ± 7 5.9 ± 0.4 210 ± 60 8 ± 2 0.85 ± 0.03 R
10 37 ± 7 9.5 ± 0.4 190 ± 20 5.3 ± 0.8 0.87 ± 0.01 R
11 44 ± 5 9.8 ± 0.5 140 ± 10 3.2 ± 0.5 0.83 ± 0.01 R
12 40 ± 5 5.0 ± 0.4 250 ± 50 6 ± 2 0.82 ± 0.07 R
13 26 ± 5 5.4 ± 0.6 130 ± 40 5 ± 2 0.72 ± 0.02 R
14 28 ± 5 6.9 ± 0.2 100 ± 10 3.4 ± 0.6 0.74 ± 0.03 R
15 33 ± 5 6.0 ± 0.4 300 ± 20 8 ± 1 0.90 ± 0.02 R
16 40 ± 4 5.7 ± 0.4 200 ± 10 5.0 ± 0.7 0.77 ± 0.04 R
17 57 ± 7 6.8 ± 0.8 290 ± 30 5.1 ± 0.8 0.86 ± 0.01 R
18 48 ± 5 6.0 ± 0.6 290 ± 30 6 ± 1 0.86 ± 0.05 R
19 44 ± 4 4.2 ± 0.3 220 ± 40 5 ± 1 0.79 ± 0.03 R
20 47 ± 6 8.8 ± 0.7 130 ± 30 2.8 ± 0.7 0.86 ± 0.01 I
21 40 ± 4 9.7 ± 0.4 230 ± 20 5.9 ± 0.8 0.76 ± 0.03 R
22 46 ± 5 5.2 ± 0.5 150 ± 20 3 ± 3 0.69 ± 0.02 I
23 75 ± 6 4.0 ± 0.4 90 ± 30 1.2 ± 0.4 0.47 ± 0.01 I
24 112 ± 7 8.0 ± 0.3 230 ± 20 2.0 ± 0.3 0.47 ± 0.03 I
25 30 ± 5 6.0 ± 0.4 220 ± 20 7 ± 1 0.92 ± 0.05 R
26 42 ± 4 3.7 ± 0.5 190 ± 10 4.5 ± 0.5 0.75 ± 0.06 R
27 38 ± 5 5.8 ± 0.4 200 ± 30 5.2 ± 0.8 0.86 ± 0.04 R

NOTES: To estimate the intrinsic velocity dispersion, σ0, we correct the two-dimensional
σ map for beam smearing and instrumental broadening, then take a pixel-by-pixel mean
which is inverse weighted by the error. The rotational support, v/σ0, is calculated using
the value of the rotation curve at 2.2× r1/2 (v2.2 and r2.2 respectively), corrected for the
inclination of the disk. The spin parameter, λR, is calculated using all pixels within the
half-light radius (see §2.4.3). The final column describes the dynamical class we assign,
taking into account the two-dimensional dynamical maps, optical morphology, rotation
curve and line of sight velocity dispersion profile – ‘R’ if the galaxy resembles an undis-
turbed, rotating disk, and ‘I’ if the galaxy shows some sign of irregular kinematics or
merger activity. We note that IDs 23 and 24 likely have an AGN which is disturbing the
gas dynamics.



CHAPTER 3

The Impact of Beam Smearing on
Measurements of Galaxy Rotation Velocity

and Intrinsic Velocity Dispersion

Preamble
This work is adapted from the appendix of a forthcoming paper (Johnson et al. 2017,

accepted for publication in MNRAS; arXiv:1707.02302). In Chapter 4 we study the Hα

kinematics of a large sample of z∼ 0.9 star-forming galaxies, observed using the KMOS

multi-object spectrograph. These observations are seeing-limited and hence suffer a

phenomenon known as “beam smearing”. Here we explore how our measurements of

galaxy rotation velocity and velocity dispersion may be affected by this process, and we

derive correction factors which can be applied.

3.1 Introduction

Integral field spectroscopy has allowed us to study the spatially resolved gas dynamics,

star formation and ISM properties of distant galaxies in unprecendented detail. However

as with any other technique it is not immune to systematics; in particular observations

of galaxy dynamics can be biased as a result of ground-based seeing. In Chapter 4 we

discuss the KMOS Redshift One Spectroscopic Survey (KROSS; Stott et al. 2016) – a

study of 795 z∼ 0.9 star-forming galaxies using the multi-object spectrograph KMOS.

Each of the 24 deployable IFUs on this instrument has a spatial sampling of 0.2 arcsec,

however the observations are seeing-limited, and as such we must consider the impact of

69

https://arxiv.org/abs/1707.02302


3.2. Methods 70

the spatial PSF (the seeing) on our measurements.

As the observations are convolved with the PSF, information from each spatial pixel

is combined with that of neighbouring regions – a phenomenon known as “beam smear-

ing”. Effects of this on the observed gas kinematics are two-fold. Firstly, the spectrum at

each pixel is contaminated by components of slightly higher or lower velocities, acting to

broaden spectral features and increase the observed velocity dispersion. Secondly, if the

blueshifted components are brighter than the redshifted components (or vice versa) the

intrinsic velocity of the pixel will be shifted slightly. Globally, this results in the rotation

curve appearing flatter than it may be intrinsically.

Understanding the kinematics of our sample is central to achieving the key science

goals of KROSS, e.g. investigating the origins of disk turbulence and studying angular

momentum. It is therefore essential that we calibrate for the effects of beam smearing. In

this chapter we investigate the systematic effects of beam smearing by creating a series

of mock KMOS observations. This will allow us to constrain the biases introduced and

derive an efficient method of correcting for them.

3.2 Methods

To explore the impact of beam smearing on our observations we create a catalogue of

∼105 model galaxies, with properties to uniformly sample the KROSS parameter space.

For each galaxy we create two sets of mock IFU observations. First, we model what

the ionised gas dynamics would look like in the absence of atmospheric turbulence (i.e.

KMOS sampling the intrinsic properties of the galaxy). Second, we generate the same

dynamical maps for seeing-limited observations. Differences between these two datasets

allow us to understand how beam smearing affects measurements of the rotation velocity

(vC) and intrinsic velocity dispersion (σ0), and we can learn how to correct for it.

Using scaling relations between the observed and intrinsic dynamics is one of the

simplest ways to account for beam smearing (see also Burkert et al. 2016). An alterna-

tive approach would be to fit each observed data cube with a disk model convolved with

the seeing (e.g. Cresci et al. 2009; Epinat et al. 2010; Genzel et al. 2014; Turner et al.

2017). This would allow us to establish full, beam smearing corrected rotation curves and
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dispersion profiles; however, it is also relatively time-consuming. Measuring a character-

istic rotation velocity and velocity dispersion for each galaxy is (at this point) sufficient

to achieve our science goals, so this is not something we choose to explore.

It is encouraging that even though our method is simpler, results from the two ap-

proaches do appear to be consistent. For example, Burkert et al. (2016) found that for

a sample of z∼ 0.8 – 2.6 galaxies observed using KMOS and SINFONI, the rotation ve-

locities derived from a disk fitting method and a scaling relation method agree to within

10%. Similarly, Turner et al. (2017) analysed a sample of z∼ 3.5 galaxies observed with

KMOS. They made dynamical measurements by first using a disk model, then by using

the correction factors derived in this chapter (Johnson et al. 2017). They found that vC

measurements were consistent to within 10% and σ0 measurements to within 5%.

3.2.1 Intrinsic Properties of the Model Galaxies

In the local Universe, galaxy dynamics can be described by the contribution of a rotating

disk of gas and stars plus a dark matter halo, with the velocities added in quadrature as

v2 = v2
h + v2

d. To create model galaxies we apply the same principle, making some sim-

ple assumptions about each component, following Swinbank et al. (2017). Firstly, we

assume that the baryonic surface density follows an exponential profile (Freeman 1970)

characterised by a disk mass (Md) and scale length (Rd):

Σd(r) =
Md

2πR2
d

e−r/Rd. (3.2.1)

The contribution of this disk to the circular velocity of the galaxy is

v2
d(x) =

1
2

GMd

Rd
(3.2x)2(I0K0 − I1K1), (3.2.2)

where x = R/Rd and In, Kn are the modified Bessel functions computed at 1.6 x. For the

halo we assume v2
h = GMh(< r)/r with a dark matter density profile described by a core

radius (rc) and effective core density (ρdm):

ρ(r) =
ρdmr3

c
(r + rc)(r2 + r2

c)
, (3.2.3)
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(Persic & Salucci 1988; Burkert 1995; Salucci & Burkert 2000). This results in a velocity

profile of the form

v2
h(r) =

6.4Gρdmr3
c

r

{
ln
(

1 +
r
rc

)
− tan−1

(
r
rc

)
+

1
2

ln

(
1 +

(
r
rc

)2
)}

. (3.2.4)

The dark matter fraction of a galaxy ( fdm) greatly influences the shape of its rota-

tion curve, hence it is important that the dark matter properties of our model galaxies

closely match those of the KROSS sample. To satisfy this, we exploit results of the

“Evolution and Assembly of GaLaxies and their Environments” cosmological simulation

suite (EAGLE; Schaye et al. 2015; Crain et al. 2015). These are a set of hydrodynamical

simulations, including sub-grid modelling of star formation, stellar feedback, and AGN

feedback. The EAGLE simulations produce galaxies which closely match the observed

Universe and so provide an ideal way to estimate fdm for our z∼ 0.9 sample. Considering

star-forming galaxies of a similar mass (109 <Md < 1011) and redshift (0.8< z< 1.0), we

find a median and 1σ range of fdm = 0.75± 0.10 within the central 10 kpc (Schaller et al.

2015). From this we can infer suitable values for ρdm.

To complete our galaxy model, we assume that the intrinsic velocity dispersion of

ionised gas (σ0) is uniform across the disk and that the distribution of Hα (the emission

line from which we measure the kinematics) is exponential. Following the results of

Nelson et al. (2016) we assume that the Hα emission is more extended than the stellar

continuum, with RHα∼ 1.1 Rd. How we define the distribution of light is significant,

since beam smearing effects are luminosity weighted. Star forming galaxies at z∼ 1 often

appear irregular or “clumpy” in Hα emission and so in §3.5.2 we explore how this may

impact our results.

From this simple prescription we create a series of intensity maps, velocity maps and

velocity dispersion maps for model galaxies with similar properties to those in the KROSS

sample. We vary the disk mass, disk scale length, inclination, dark matter fraction and

intrinsic velocity dispersion as follows:

• 9.0 ≤ log(Md / M�) ≤ 11.2; steps of 0.15

• 0.5 ≤ Rd ≤ 2.5 kpc; steps of 0.25 kpc

• 20 ≤ θ ≤ 70 deg; steps of 5 degrees
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• 0.65 ≤ fdm ≤ 0.85; steps of 0.10

• 20 ≤ σ0 ≤ 80 km s−1; steps of 10 km s−1

3.2.2 Mock IFU Observations

After defining the intrinsic properties of a given galaxy, we wish to understand how these

same dynamics may appear under ground-based seeing conditions. To model this, we

generate a mock observation of the galaxy, forming a KMOS data cube which we can

then convolve with the seeing PSF. While the pixel scale of this cube is set to match

that of our observations (a spatial resolution of 0.1 arcsec), we choose to retain a high

spectral resolution (R ∼ 10,000) and omit instrument noise. This allows us to attribute

any difference between the model and “observed” data to beam smearing alone. The x – y

footprint of the array is initially also larger than the 2.8× 2.8 arcsec size of the KMOS

IFU, to allow for light outside of this region which may be introduced to the IFU pixels

via beam smearing.

At each pixel we create a spectrum consisting of the Hα emission line and [NII] dou-

blet, assuming that each line is described by a Gaussian profile with a linewidth set by

the dispersion and a redshift set by the rotation velocity at that position. For simplicity,

we adopt a fixed Hα/[NII] ratio and set the flux ratio of the [NII]λλ6548, 6583 doublet to

be 3.06 (Osterbrock & Ferland 2006). To simulate the effects of beam smearing we then

convolve each wavelength slice with the spatial PSF. We model a range of atmospheric

conditions, with FWHMseeing = 0.5 – 0.9 arcsec in increments of 0.1 arcsec, and assume a

Gaussian PSF (the transfer functions of the atmosphere, telescope and instrument are all

approximately Gaussian1). The median for our KROSS observations is 0.7 arcsec, with a

standard deviation of 0.17 arcsec, so this range encompasses the data well. Finally, we ex-

tract a subsection of the array to match the size of the KMOS IFU. This is the “observed”

data cube on which we perform our analysis.

To generate dynamical maps from the beam-smeared cube we fit the emission lines at

each pixel using the same χ2 minimisation method as for the KROSS data. We require

that all lines are Gaussian profiles and share the same linewidth, with the relative positions

1https://www.eso.org/observing/etc/doc/helpkmos.html
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of the lines and [NII] flux ratio fixed to their model values. These constraints leave the Hα

and [NII] intensity, centroid and line width free to vary. Since our model does not include

noise, spatial binning is not necessary, however we explore how this process may affect

results in §3.5.1. Finally, we extract the rotation curve and one-dimensional dispersion

profile of each galaxy. To do so we take the median value of pixels along a 0.7 arcsec

pseudo-slit along the major kinematic axis.

3.2.3 Kinematic Measurements

In order to quantify the effects of beam smearing, we measure the kinematics in the same

way as for the KROSS sample (Harrison et al. 2017 and Chapter 4). Each rotation curve

is fit by an exponential disk model of the form

v(r)2 =
r2πGµ0

Rd,fit
(I0K0− I1K1)+ voff, (3.2.5)

where r is the radial distance, µ0 is the peak mass surface density, Rd,fit is the disk radius,

voff is the velocity at the kinematic centre, and InKn are Bessel functions evaulated at
1
2 r/Rd,fit. We use this model to interpolate through the data and measure the velocity at

a given radius. Other kinematic surveys define the characteristic rotation velocity in a

number of different ways, depending on their goals. We therefore wish to understand

how beam smearing may affect our results as a function of radius. Using the input value

of Rd for each model we measure velocities at 2.2Rd and 3.4Rd, two radii frequently used

within the literature. The first of these coincides with the peak rotation velocity of an ideal

exponential disk, while the second probes outer regions of the galaxy, where we expect

the rotation curve to have flattened. We also measure the rotation velocity at the same

radii convolved with the seeing, i.e. 2.2Rd,conv, 3.4Rd,conv.

To characterise the velocity dispersion we record the median of the one-dimensional

dispersion profile for R> 3.4Rd and the median of all pixels within the map. Although our

simulated galaxies are constructed such that it is possible to make both measurements, for

56% of KROSS galaxies it is only possible to make the latter (due to poor signal-to-noise).

Hence it is important to understand both parameters. Since beam smearing is expected to

be strongest towards the dynamical centre, the median dispersion will likely depend on the
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maximum radii of detected pixels. We therefore measure the median velocity dispersion

of pixels within both a 2Rd and 3Rd aperture, to see how this varies our results.

3.3 Results

3.3.1 Dynamical Maps

Before we perform a more rigorous analysis, quantifying the effects of beam smearing

using the variables defined in §3.2.3, we already notice several trends in the dynamical

maps. In Fig. 3.1 – 3.3 we show the dynamical maps, rotation curves and velocity dis-

persion profiles of 12 model galaxies, where input parameters are kept fixed except for

mass (Fig. 3.1), inclination angle (Fig. 3.2) or seeing (Fig. 3.3). We compare the intrin-

sic kinematics to those recovered after the data cube has been convolved with the spatial

PSF. While the extent of the beam smearing depends on the input parameters, the effects

are broadly similar in each case. The observed velocity map appears smoother and the

observed rotation curve (in black) is flatter than the intrinsic rotation curve (in red), par-

ticularly close to the dynamical centre. The beam smeared rotation curve also peaks at a

lower maximum velocity. Finally, the observed dispersion map is no longer uniform, and

we now see a characteristic rise in the region of the steepest velocity gradient.

Fig. 3.1 explores the relationship between disk mass and beam smearing, and we show

four models which are identical apart from their mass. We increase the disk mass over

the range log(Md / M�) = 9.9 – 10.8 and find that the beam smearing effect becomes more

apparent at each interval. As the disk mass increases the velocity gradient across the

disk becomes larger, hence the components combined by the PSF have a greater velocity

difference. The effect of this is that the peak of the observed velocity dispersion profile

increases from σout∼ 70 km s−1 in the low mass galaxy, to σout∼ 160 km s−1 in the high

mass example.

In Fig. 3.2 we use the same fiducial model as in Fig. 3.1, however this time fix the

mass as log(Md / M�) = 10.2 and vary the inclination from 30 to 60 degrees. This figure

shows that the more inclined the disk, the greater the beam smearing effect. As the disk

approaches edge-on the iso-velocity contours of the map are “pinched” together more

closely, an effect similar to increasing the disk mass.
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Figure 3.1: Dynamical maps for a subset of ∼ 105 model galaxies created to explore the
impacts of beam smearing. We investigate how closely we can recover the intrinsic rota-
tion velocity and velocity dispersion of a galaxy as a function of disk mass. In successive
rows we increase the mass of the model, while keeping all other input parameters fixed.
An increase in mass results in a steeper velocity gradient across the disk. This leads to a
stronger beam smearing effect, with a larger peak in the observed velocity dispersion. Left
to right: intrinsic velocity map, observed velocity map, observed velocity dispersion map,
and the rotation curve and line-of-sight dispersion profile extracted along the major kine-
matic axis before (solid red line) and after (black) convolution with the seeing. Dashed
red lines show a radius of 3.4Rd. On each row we list the model input parameters where
Md is disk mass (M�), θ inclination (degrees), σ0 intrinsic velocity dispersion (km s−1),
Rd disk radius (kpc), fdm dark matter fraction within 10 kpc, and PSF the FWHM of the
seeing (arcsec). Each velocity map is scaled between −250 and 250 km s−1, and each
dispersion map between 0 and (σ0+100) km s−1.
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Figure 3.2: Example dynamical maps and velocity profiles with properties as described
in Fig. 3.1. Left to right: intrinsic velocity map, observed velocity map, observed velocity
dispersion map, rotation curve and line-of-sight dispersion profile. In successive rows we
increase the inclination of the model while all other input parameters remain fixed. As the
disk is tilted towards edge-on, the maximum velocity of the rotation curve increases and
the contours of the velocity map are pushed closer together (with a characteristic “spider
diagram” shape). A steeper velocity gradient results in a stronger beam smearing effect.
The more highly inclined the disk, the larger the peak in the observed velocity dispersion
profile.
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Figure 3.3: Dynamical maps and velocity profiles with properties as described in Fig. 3.1.
Left to right: intrinsic velocity map, observed velocity map, observed velocity dispersion
map, rotation curve and line-of-sight dispersion profile. In successive rows we increase
the spatial PSF (the seeing) of the model while all other input parameters remain fixed.
Poorer atmospheric conditions result in a stronger beam smearing effect. As the seeing is
increased, the observed velocity gradient becomes shallower, structure in the velocity map
is less visible and the peak in the observed velocity dispersion becomes broader. While
at 0.6 arcsec the dispersion measured in the outskirts of the galaxy (beyond 3.4Rd, shown
by the dashed red lines) is close to the intrinsic value, at 0.9 arcsec this is a significant
overestimate.
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Finally, Fig. 3.3 demonstrates the effect of broadening the spatial PSF. We increase the

seeing from 0.6 arcsec to 0.9 arcsec and study the impact this has on the observed rotation

velocity and velocity dispersion. As with an increase in disk mass or disk inclination,

poorer atmospheric conditions result in a rotation curve which is shallower than it would

be intrinsically. However, while the most noticeable effect of increasing the inclination

or disk mass is to increase the peak of the dispersion profile, the same is not true of the

seeing. An increase in the seeing instead acts to broaden the dispersion profile. At a

seeing of 0.6 arcsec the intrinsic dispersion can be recovered at a radius of ∼ 3.4 Rd, but

for a seeing of 0.9 arcsec the required radius is approximately double.

3.3.2 Impact of Model Parameters

As discussed in §3.3.1, from visual inspection of the dynamical maps it is already possible

to identify several trends between model input parameters and the impact of beam smear-

ing. However we now wish to quantify these effects such that we can apply corrections to

our kinematic measurements of KROSS galaxies.

Galaxies which are small in comparison to the PSF are more affected by beam smear-

ing (Fig. 3.3), and the shape of the rotation curve and ability to recover σ0 in the outskirts

of the galaxy deteriorate rapidly as the seeing is increased. Since this is perhaps the

strongest universal trend, we choose to study how our measurements of rotation velocity

and velocity dispersion are affected as a function of Rd/RPSF, where RPSF is half of the

FWHM of the spatial PSF. To assess the impact of other variables relative to this, we then

bin the data in terms of disk mass (Fig. 3.4), inclination (Fig. 3.5), dark matter fraction

(Fig. 3.6) and intrinsic dispersion (Fig. 3.7).

In each figure we demonstrate how four measurements are impacted by beam smear-

ing: the rotation velocity (vout) at 3.4Rd, the rotation velocity at the same radius convolved

with the seeing, the median of the velocity dispersion profile at radii greater than 3.4Rd

(σout), and the median of the velocity dispersion map within a 3Rd aperture (σout,med).

Measurements made at smaller radii result in the same trends but with a systematic offset.

We will discuss this further in §3.4.1.

The tracks in Fig. 3.4 – 3.7 confirm many of our conclusions in §3.3.1. That is, for low

values of Rd/RPSF (i.e. galaxies which are small compared to the spatial PSF), the rotation
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velocity we recover is an underestimate of the intrinsic value. Nevertheless, as the model

galaxy is increased in size (or the seeing is decreased) we approach vout/v0 = 1. When

extracting measurements from the rotation curve at 3.4Rd, a ratio of Rd/RPSF = 0.2 results

in an average underestimate of a factor of two. However, this effect is less significant when

we measure at the same radius convolved with the seeing. Here the rotation velocity is

only underestimated by ∼ 10 % at Rd/RPSF = 0.2. In Fig. 3.1 – 3.3 we can see why this

may be so; it is the innermost regions of the rotation curve which are most affected by

beam smearing.

In the lower two panels of Fig. 3.4 – 3.7 we can see that beam smearing affects our abil-

ity to recover the intrinsic velocity dispersion even more strongly. The lower the Rd/RPSF

ratio, the more we overestimate the intrinsic velocity dispersion. However, measuring the

velocity dispersion in the outskirts of the disk is a much better estimate than calculating

the median of all pixels in the dynamical map. This is because the beam smearing effects

are strongest in regions of steep velocity gradients (i.e. towards the dynamical centre of a

uniformly rotating disk). Using the “outskirts” method we measure σout/σ0 = 1.0 – 1.5, as

opposed to σout,med/σ0 = 1.0 – 4.0 for the “median” method.

Coloured tracks in these figures show the results for models with one particular input

parameter fixed and all others allowed to vary. The shaded region shows the 1σ (16-84th

percentile) range of all 105 models. In Fig. 3.4 we see that higher mass galaxies result in

estimates of rotation velocity closer to the intrinsic value, since their rotation curve peaks

more quickly, but the systematic offset in σ0 is larger due to the steeper velocity gradient.

The tracks of fixed disk mass cover the full 1σ range of the data, suggesting that mass is

an important parameter.

As discussed in §3.3.1, galaxy models of a higher inclination are more susceptible

to beam smearing (Fig. 3.5). However the difference between the track for inclinations

below 30 degrees and the track for inclinations greater than 60 degrees is small, suggesting

this effect is secondary to that caused by increasing the disk mass. The same is true for

models of different dark matter fractions (Fig. 3.6). Nonetheless, it is interesting to note

that galaxies with a higher dark matter fraction suffer more beam smearing. We suggest

that this is because the dark matter fraction determines the degree of turn-over in the

rotation curve, which in turn affects the velocity gradient across pixels in the outer regions
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Figure 3.4: The impact of beam smearing on measurements of rotation velocity and ve-
locity dispersion, as a function of disk mass. Rd/RPSF is the ratio between the disk radius
and the half of the FWHM of the PSF, which determines which velocity components are
combined by the seeing and thus the extent of the beam smearing. We split models into
four mass bins and plot a running median for each (solid lines). Shaded regions represent
the 1σ scatter of all models. The disk mass appears to account for most, if not all, of this
variation. Top Left: Model velocity at 3.4Rd as a fraction of the intrinsic value (v0). The
lower the Rd/RPSF and the lower the disk mass, the more we underestimate the intrinsic
rotation velocity. Top Right: Velocity at the same radius convolved with the seeing. This
is a better estimate of v0(3.4Rd), with at most a 20% difference. Bottom Left: Median
of the velocity dispersion profile beyond 3.4Rd as a fraction of the intrinsic value (σ0).
The lower the Rd/RPSF and larger the disk mass, the more we overestimate the dispersion,
with up to a 50% difference. Bottom Right: The median dispersion within an aperture of
3Rd. This measurement is more susceptible to beam smearing, with overestimates of up
to a factor of four.



3.3. Results 82

Figure 3.5: The impact of beam smearing on measurements of rotation velocity and ve-
locity dispersion, as a function of disk inclination. Top Left: The lower the Rd/RPSF, the
more we underestimate the intrinsic rotation velocity (v0). The extent of this difference
is very similar for models of different inclinations (typically within 5%). Top Right: We
extract the observed rotation velocity at the same radius convolved with the seeing. This
results in a better estimate, but varying the disk inclination has very little impact. Bottom
Left: The lower the Rd/RPSF and the more inclined the disk, the more we overestimate the
intrinsic velocity dispersion. Differences between a low inclination model (< 30 degrees)
and a high inclination model (> 60 degrees) are small (∼ 10%) and cannot account for
the full 1σ scatter of the data (shaded region). The trend between disk mass and beam
smearing appears to be more dominant. Bottom Right: If we estimate the velocity disper-
sion from a median of the map, as opposed to the outskirts of the dispersion profile, we
overestimate σ0 by almost twice as much.
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Figure 3.6: The impact of beam smearing on measurements of rotation velocity and ve-
locity dispersion, as a function of the dark matter fraction within a radius of 10 kpc. Top
Left: The lower the Rd/RPSF and the larger the dark matter fraction, the more we un-
derestimate the intrinsic rotation velocity (v0). There is approximately a 10% difference
between fdm = 0.65 – 0.85. Adjusting the dark matter fraction changes the shape of the ro-
tation curve in the outer regions (more or less of a “turn-over”), hence the velocity compo-
nents merged by the seeing will be slightly different. Top Right: We extract the observed
rotation velocity at the same radius convolved with the seeing. This results in a better
estimate. For low Rd/RPSF the difference in fdm models is 5-10%, but for Rd/RPSF > 0.6
the models converge. Bottom Left: The lower the Rd/RPSF, the more we overestimate the
intrinsic velocity dispersion. The difference between models of fdm = 0.65 and models of
fdm = 0.85 is extremely small (a few percent). Bottom Right: If we estimate the velocity
dispersion from a median of the map, as opposed to the outskirts of the dispersion profile,
we overestimate σ0 by almost twice as much. Again, the dark matter fraction appears to
have little impact on this aspect of beam smearing.
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Figure 3.7: The impact of beam smearing on measurements of rotation velocity and veloc-
ity dispersion, as a function of input velocity dispersion. Top Left: The lower the Rd/RPSF
and the greater the input dispersion of the model, the more we underestimate the intrin-
sic rotation velocity (v0). The difference between model galaxies of σ0 = 30 km s−1 and
σ0 = 70 km s−1 is ∼ 10% at low Rd/RPSF, but the models converge as Rd/RPSF increases.
Top Right: We extract the observed rotation velocity at the same radius convolved with
the seeing. This results in a better estimate. Again, results for the binned data converge
beyond Rd/RPSF = 0.6. Bottom Left: The lower the Rd/RPSF, the more we overestimate
the intrinsic velocity dispersion. The difference between model galaxies of σ0 = 30 km s−1

and σ0 = 70 km s−1 is as much as ∼ 30%. How well we can recover the intrinsic velocity
dispersion appears to be strongly dependent on what its value was to begin with. Bot-
tom Right: If we estimate the velocity dispersion from a median of the map, as opposed
to the outskirts of the dispersion profile, it is more difficult to recover σ0. For very low
dispersions (σ0 < 30 km s−1) the beam smearing effect is as strong as for very high mass
galaxies (10.8< log(Md/M�)< 11.1), with σ0 overestimated by a factor of four at low
Rd/RPSF.
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of the galaxy.

Finally, we explore the impact of adjusting the intrinsic velocity dispersion of the

model (Fig. 3.10). We find that the lower the input dispersion, the more successful we

are in recovering the true rotation velocity. However the opposite is true of the velocity

dispersion itself. For very low dispersions (σ0 < 30 km s−1) the beam smearing effect is

as strong as for very high mass galaxies (10.8< log(Md/M�)< 11.1). This is because the

ratio of (σout−σ0)/σ0 is larger.

3.4 Beam Smearing Corrections

In §3.3.2 we found that adjusting the input parameters our model galaxies can lead to a

stronger or weaker beam smearing effect. Now that we understand these systematics, we

wish to derive a series of corrections which can be applied to our kinematic measurements

of the KROSS sample. In this section we discuss how best this can be achieved.

3.4.1 Measurements of Rotation Velocity

In Fig. 3.4 – 3.7 (top left panel) we plot the relationship between vout/v0 and Rd/RPSF. The

systematic offset between the input and output rotation velocity is strongly correlated

with how large the galaxy is compared to the seeing. Values range between vout/v0 = 0.5 –

0.9. However if we make measurements at the same radii convolved with the seeing (top

right panel) this relation is less steep, with a range of only vout/v0 = 0.85 – 0.95. This

is therefore the method we decide to use for the KROSS sample. We note that if we

had instead measured the velocity at 2.2Rd (a radius commonly used by other kinematic

surveys) the results follow a similar trend, with a small (<∼ 5%) shift towards lower ratios

of vout/v0.

While varying model parameters such as disk mass (Fig. 3.4) and inclination (Fig. 3.5)

introduces scatter in vout/v0, at the median Rd/RPSF of the KROSS sample (∼ 0.75) these

effects are of the order of a few percent. Moreover, one of the most dominant influences on

the ratio of vout/v0 is the dark matter fraction, fdm, which we are unable to constrain from

our observations. In order to correct the KROSS rotation velocities for beam smearing we

therefore consolidate the information from our models into a single relation for each of
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vout(3.4Rd) and vout(2.2Rd). We define each correction track as the median outcome of all

models, with uncertainties to reflect the 1σ scatter. Data points are fit by an exponential

of the form

1/ξv = vout/v0 = 1−Ae−B(Rd/RPSF)
C
, (3.4.6)

where ξv is the velocity correction factor and A, B and C are constants defined in Table

3.1. An exponential profile was chosen since when a galaxy is very large compared to the

seeing, we expect to recover the instrinsic rotation velocity (i.e. vout/v0 = 1). The exact

functional form was chosen by trial-and-error, trying to achieve a close fit to the data while

minimising the number of free parameters. Final tracks for beam smearing corrections to

the rotation velocity are presented in Fig. 3.8.

3.4.2 Measurements of Velocity Dispersion

The effects of beam smearing on measurements of the intrinsic velocity dispersion (σout)

are generally more significant than for the rotation velocity. In Fig. 3.4 – 3.7 (bottom left,

bottom right) we see that for galaxies small in comparison to the spatial PSF (i.e. for

low Rd/RPSF) the dispersion in the outskirts of the disk can be a factor of ∼ 1.5 higher

than the intrinsic value. Estimates made using the median of the map may be as large

as σout/σ0 = 5. However for larger galaxies (or a smaller spatial PSF) σout/σ0 appears to

decrease exponentially.

Binning the data in Fig. 3.4 – 3.7 by disk mass, inclination, dark matter fraction and

intrinsic dispersion reveal that the input parameters of the model have a significant impact

on how we measure the velocity dispersion. At the median Rd/RPSF of our KROSS sam-

ple, the difference between high mass and low mass models (for measurements made in

the outskirts of the dispersion profile) is ∆(σout/σ0)∼ 0.1. The difference between high

inclination and low inclination disks is ∆(σout/σ0)∼ 0.05. Changes to fdm or the input

σ0 itself have the least impact (unless σ0 is very small i.e. < 30 km s−1), with an average

difference of only a few percent.

Given the strong variation seen in our models, it is clear that we cannot reduce the

beam smearing correction to a single track for each of the dispersion measurements

(“outer” and “median” methods). Instead, we choose to make corrections as a function

of vout(3.4Rd,conv), the rotation velocity measured at a radius of 3.4Rd convolved with the
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Figure 3.8: Beam smearing correction to be applied to measurements of rotation velocity
at 3.4 and 2.2Rd (solid and dashed lines, respectively) as a function of Rd/RPSF. The
shaded region represents the 1σ scatter of outcomes for ∼ 105 mock galaxies (shown
only for when measured at 3.4Rd). Tracks represent the median of these outcomes and
are defined by Eq. 3.4.6 and the parameters listed in Table 3.1. The histogram along the
x-axis represents the Rd/RPSF distribution of the KROSS sample.

seeing, before inclination corrections (hereafter vout). This combines the effects of both

disk mass and inclination. For each method, we split the data into 50 km s−1 bins of vout

and calculate a series of running medians.

Models run with σ0 < 30 km s−1 exhibit as much beam smearing as high mass models,

however we are obviously unable to make corrections as a function of σ0 (it is what

we are trying to measure!). To account for the effect the intrinsic dispersion has on the

beam smearing, we instead resample the model data such that the distribution of observed

velocity dispersions (σout) matches that of KROSS, and we refit the correction tracks.

As discussed in §3.2.3, we measured the median velocity dispersion of each model

within two apertures (2Rd and 3Rd) since the size of the galaxy compared to the IFU,

or the surface brightness of the galaxy (hence signal-to-noise) will affect the number of

available pixels. Fig. 3.9 compares these two sets of results. If the observed rotation

velocity is small (vout < 100 km s−1) corrections at the median Rd/RPSF of KROSS range

between σout,med/σ0 = 1.0 – 1.3 and the difference between results for the two apertures is

typically σout,med/σ0 < 0.1. If the rotation velocity exceeds this then corrections for the

larger and smaller apertures are σout,med/σ0 = 1.8 and 2.2 respectively. However fewer
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Figure 3.9: Factor by which the intrinsic velocity dispersion is overestimated when mea-
suring the pixel-by-pixel median within a 3Rd (dotted lines) or 2Rd (dashed lines) aper-
ture. If the observed rotation velocity of the galaxy is small then the two estimates are
almost identical (within 10%). For higher velocities (vout > 100 km s−1) corrections for
the larger and smaller apertures at the median Rd/RPSF of KROSS are σout,med/σ0 = 1.8 and
2.2 respectively. However fewer than 25% of our sample have velocities this large. We
therefore create final correction tracks (Fig. 3.10) based on the results for a 3Rd aperture.
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Figure 3.10: Beam smearing corrections for measurements of velocity dispersion, as a
function of observed rotation velocity (vout). Tracks were derived by simulating obser-
vations of ∼ 105 model galaxies with a uniform dispersion (σ0) disk. We fit a running
median to the results projected over all other input parameters. Each track is defined by
Eq. 3.4.7 and parameters in Table 3.1. Shaded regions show the 1σ scatter of models in
each velocity bin, and the histograms show the Rd/RPSF distribution of the KROSS sam-
ple. Note the different scales on the y-axes. Left: Velocity dispersion as measured in
the outskirts (R> 3.4Rd) of the 1d profile, as a fraction of the intrinsic dispersion. Right:
Dispersion as measured from a median of all pixels within an aperture of 3Rd.
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Table 3.1: Parametrisation of beam smearing correction tracks

Correction Track vmin vmax A B C
(km s−1) (km s−1)

Velocity (3.4Rd) - - 0.18 1.48 1.00
Velocity (2.2Rd) - - 0.18 1.26 0.88
Dispersion (outskirts) 0 50 0.53 8.22 0.94

50 100 6.98 7.07 0.52
100 150 3.27 4.96 0.59
150 - 2.06 3.67 0.70

Dispersion (median) 0 50 11.50 4.65 0.20
50 100 52.85 5.55 0.34

100 150 8.74 3.15 0.77
150 - 14.15 3.05 0.69

NOTES: Constants A, B, C for the beam smearing correction tracks in Fig. 3.8 and 3.10, as
defined by Eq. 3.4.6 and 3.4.7. For the velocity dispersion, vmin and vmax are the minimum
and maximum observed rotation velocities (uncorrected for inclination) that each track
covers.

than 25% of our sample have velocities this large. We therefore combine the results into a

single set of (velocity binned) tracks. We find that a function similar to Eq. 3.4.6 provides

a good description of the data. Hence the correction σout to σ0 as a function of Rd/RPSF is

expressed as

1/ξσ = σout/σ0 = 1+Ae−B(Rd/RPSF)
C
, (3.4.7)

where the constants A, B and C are defined in Table 3.1. Final tracks for beam smearing

corrections to the velocity dispersion are presented in Fig. 3.10.

3.5 Further Discussion

3.5.1 Adaptive Binning

To construct dynamical maps for each of the KROSS galaxies we employed an “adaptive

binning” technique. In fitting the spectrum of each spatial pixel (§3.2.2) we required that

the Hα emission line was detected with a signal-to-noise ratio of greater than five. If

the line was too weak then we binned the spectra of neighbouring pixels, increasing the

size of the region until either this criterion was met, or we reached an area of 0.7× 0.7

arcsec (the typical seeing of our observations). To explore how this process may affect our
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measurements of the kinematics, we analyse our model data a second time. When fitting

the spectrum of each pixel we now include all data within a 0.5× 0.5 arcsec region.

Fig. 3.11 shows that binning acts to magnify the effects of beam smearing, resulting

in lower rotation velocities and greater velocity dispersions. In the instances where data

has been binned, the rotation velocity is underestimated by an additional ∼ 5 – 10% and

the dispersion overestimated by an additional 2 – 3% (∼ 5% for large vout). This is a

rather exaggerated picture, since our models have been uniformly binned regardless of the

surface brightness profile. In reality, outer regions are more likely to have been binned,

and some galaxies may not have been binned at all. While this is an important effect to

note we do not attempt to correct for it, since the details of the process are unique to each

KROSS galaxy.

3.5.2 Hα Flux Distribution

For each model galaxy we have assumed that the stellar mass and light follow an expo-

nential profile, and this was propagated through to the construction of model Hα intensity

maps. However, observations suggest that the Hα morphology of z∼ 1 galaxies is often

irregular, with the presence of∼ kpc scale star-forming “clumps” (e.g. Genzel et al. 2011;

Wisnioski et al. 2012; Swinbank et al. 2012a; Livermore et al. 2012; 2015). These devia-

tions from an exponential profile may affect the beam smearing, since within each pixel it

will affect the relative contribution of each new velocity component introduced (i.e. beam

smearing is luminosity weighted).

In Fig. 3.12 we compare the results of modelling galaxies with an exponential or a

uniform Hα intensity profile. The presence of bright, star-forming clumps may act to

flatten the Hα profile, so this is suitable test of how (in the most extreme case) this may

affect the beam smearing. Measurements of velocity dispersion are less affected by beam

smearing in the case of a uniform flux distribution, with a difference of σout/σ0∼ 0.1 on

average. Effects on the shape of the rotation curve are also less severe. Pixels in the

outskirts of the galaxy are still contamined by light from central regions, however these

regions are no longer as bright (relative to the outer regions) and therefore contribute less

flux. Thus, pixels in the outskirts do not become as skewed towards lower velocities. In

the right hand panel of Fig. 3.12 we see that the rotation velocity at 3.4Rd,conv is now an
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Figure 3.11: Effects of spatial binning on measurements of the rotation velocity and ve-
locity dispersion. Results are generated from our mock observations when the spectrum
of each pixel is fit individually (solid lines) and when the signal has been binned within
a 0.5× 0.5 arcsec region (dashed lines). In the instances where data has been binned, the
rotation velocity (left) is underestimated by an additional ∼ 5 – 10% and the dispersion
(right) overestimated by an additional 2 – 3% (∼ 5% for large vout).

Figure 3.12: The impact of beam smearing on measurements of rotation velocity and
velocity dispersion, as a function of surface brightness profile. These results are gener-
ated from mock observations when the Hα intensity follows an exponential profile (black
points) or is uniform across the IFU (blue points). Left: For a “flat” Hα profile the effects
of beam smearing on the velocity dispersion are weaker by σout/σ0∼ 0.1 at low Rd/RPSF.
Right: Results for the two flux distributions diverge significantly for Rd/RPSF < 0.7. When
the Hα follows a uniform distribution the recovered rotation curve is close to the intrinsic,
hence if there is a turnover within the data using the convolved radius may actually result
in an overestimate of the velocity. We see that the rotation velocity may be overestimated
by as much as 20%.
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overestimate by as much as 20% at low Rd/RPSF. However for Rd/RPSF > 0.7 the required

corrections are within a few percent of those for an exponential profile.

3.5.3 Structural Properties

Recent morphological studies suggest that most galaxies at z∼ 1 are best described by

two components: a bulge and a disk (e.g. Buitrago et al. 2013; McLure et al. 2013;

Bruce et al. 2014). However, for simplicity, we chose not to include a stellar bulge in

our beam smearing models. To derive the kinematics of KROSS galaxies we use the

Hα emission line, which traces recent star formation in the disk, so it is reasonable to

expect that an evolved bulge, consisting of an older stellar population, would not have a

significant impact on the shape of the dispersion profile (e.g. Davies et al. 2011). The

main difference would be a deeper gravitational potential in the centre of the galaxy, and

hence a steeper intrinsic rotation curve. This would lead to a stronger beam smearing

effect in these regions. Nevertheless, since we measure the observed rotation velocity

(vout) and velocity dispersion (σout) in the outskirts of the galaxy, the changes to these

parameters would likely be small (< 5%).

It is common practice when analysing high-redshift IFU data to assume that the in-

trinsic gas velocity dispersion is uniform across the disk (as in e.g. Epinat et al. 2012;

Genzel et al. 2014; Simons et al. 2016). However, Davies et al. (2011) explore the pos-

sibility that for a thick disk there may be an additional dispersion component such that

v/σ0 =R/H where R is the radius and H is the scale height. The effect is to increase the

intrinsic dispersion towards the centre of the galaxy. We wish to test the impact of this

in future modelling. Again we would expect σobs to be biased high, but only by a small

amount since we are measuring away from dynamical centre. It is interesting to note

that the disk-fitting method tested in Davies et al. (2011) actually underpredicts the in-

trinsic dispersion, due to the degeneracy between dispersion and beam-smeared velocity

gradient.

3.6 Summary

Accurately measuring the kinematic properties of high-redshift galaxies is challenging,

but particularly so when observations are seeing-limited. Beam smearing blurs together
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emission from spatially distinct regions of the galaxy, flattening the intrinsic velocity gra-

dient and increasing the local dispersion. Correcting for these effects is therefore essen-

tial. In this chapter, we created a series of mock data cubes to model the impact of beam

smearing on our kinematic measurements of KROSS galaxies. Comparing the input prop-

erties of each galaxy to those “observed”, we derived correction factors – as shown by the

tracks in Fig. 3.8 and 3.10. We apply these corrections to our measurements in Chapter

4. With the final measurements in hand, we next present a detailed investigation into the

velocity dispersion (turbulence) properties of the KROSS sample.



CHAPTER 4

The KMOS Redshift One Spectroscopic
Survey (KROSS): The Origin of Disk
Turbulence in z≈ 0.9 Star-Forming

Galaxies

Preamble
The work in this chapter has recently been accepted for publication in MNRAS as

a first-author paper (Johnson et al. 2017; arXiv:1707.02302). We study the intrinsic

velocity dispersions of a large sample of z∼ 0.9 star-forming galaxies, observed using the

KMOS multi-object spectrograph. To mitigate the effects of beam smearing, we apply

the corrections derived in Chapter 3 to our measurements.

Abstract
We analyse the velocity dispersion properties of 472 z∼ 0.9 star-forming galaxies ob-

served as part of the KMOS Redshift One Spectroscopic Survey (KROSS). The majority

of this sample are rotationally dominated (83± 5% with vC/σ0 > 1) but also dynamically

hot and highly turbulent. After correcting for beam smearing effects, the median intrinsic

velocity dispersion for the final sample is σ0 = 43.2± 0.8 km s−1 with a rotational velocity

to dispersion ratio of vC/σ0 = 2.6± 0.1. To explore the relationship between velocity dis-

persion, stellar mass, star formation rate and redshift we combine KROSS with data from

the SAMI survey (z∼ 0.05) and an intermediate redshift MUSE sample (z∼ 0.5). While

there is, at most, a weak trend between velocity dispersion and stellar mass, at fixed mass

there is a strong increase with redshift. At all redshifts, galaxies appear to follow the

same weak trend of increasing velocity dispersion with star formation rate. Our results
95
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are consistent with an evolution of galaxy dynamics driven by disks that are more gas rich,

and increasingly gravitationally unstable, as a function of increasing redshift. Finally, we

test two analytic models that predict turbulence is driven by either gravitational instabil-

ities or stellar feedback. Both provide an adequate description of the data, and further

observations are required to rule out either model.

4.1 Introduction

The past decade has seen significant advancements in our understanding of the high-

redshift Universe. The cosmic star formation rate density peaks in the redshift range

z∼ 1–3 (e.g. Lilly et al. 1996; Karim et al. 2011; Burgarella et al. 2013; Sobral et al.

2013a), and so establishing the properties of galaxies at this epoch is key to constraining

models of galaxy formation and evolution. It is at this crucial time that today’s massive

galaxies formed the bulk of their stars. The increased activity is thought to be driven

(at least in part) by high molecular gas fractions (e.g. Daddi et al. 2010; Tacconi et al.

2010; 2013; Saintonge et al. 2013; Genzel et al. 2015), which may naturally explain the

clumpy and irregular morphologies prevalent in Hubble Space Telescope (HST) images

(e.g. Livermore et al. 2012; 2015).

The introduction of integral field spectroscopy (e.g. see Glazebrook 2013 for review)

has been pivotal in allowing us to resolve the internal complexities of distant galaxies.

Each spatial pixel of an integral field unit (IFU) is associated with a spectrum such that

galaxy kinematics, star formation and metallicity can be mapped. Early studies often in-

volved the in-depth analysis of small samples, since observations were time-consuming

(e.g. Förster Schreiber et al. 2006; Law et al. 2009; Lemoine-Busserolle et al. 2010; Swin-

bank et al. 2012b). However second-generation instruments such as the K-band Multi

Object Spectrograph (KMOS; Sharples et al. 2004; 2013), now allow for the simultane-

ous observation of multiple targets and as such we can construct large and well-selected

samples in reasonable exposure times (e.g. Wisnioski et al. 2015; Stott et al. 2016).

A surprising discovery has been that while high-redshift samples are kinematically

diverse, with a higher incidence of mergers than observed locally (e.g. Molina et al.

2017), many galaxies appear to be rotationally supported (e.g. Förster Schreiber et al.
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2009; Epinat et al. 2012; Wisnioski et al. 2015; Stott et al. 2016; Harrison et al. 2017).

Often, despite morphological irregularity, the dynamical maps of these galaxies reveal a

smooth, continuous velocity gradient. Clumps visible in broad-band imaging appear to be

giant star-forming complexes (e.g. Swinbank et al. 2012a; Genzel et al. 2011; Livermore

et al. 2012; Wisnioski et al. 2012) which are embedded within the disk and share the same

underlying dynamics.

The existence of settled disks supports the emerging consensus that a galaxy’s star-

formation history is not dominated by mergers but by an ongoing accretion of gas from

the cosmic web (Dekel et al. 2009; Ceverino et al. 2010). Observations of a tight rela-

tion between stellar mass and star formation rate (the so-called galaxy “main sequence”;

Noeske et al. 2007; Elbaz et al. 2011; Karim et al. 2011) are considered further evidence

of this. A gradual decrease in the available gas supply would explain the evolution of this

trend as a function of redshift, whereas stochastic, merger-driven bursts would introduce

significantly more scatter (e.g. Rodighiero et al. 2011).

Kinematic surveys have revealed that while typical rotation velocities of high-redshift

disks are similar to those seen locally, intrinsic velocity dispersions are much higher (e.g.

Genzel et al. 2008; Lehnert et al. 2009; Gnerucci et al. 2011; Epinat et al. 2012; Newman

et al. 2013; Wisnioski et al. 2015; Turner et al. 2017). These dispersions are supersonic

and most likely represent turbulence within the interstellar medium (ISM). Measurements

of velocity dispersion are consistently high, both for natural seeing observations and those

which exploit adaptive optics (e.g. Law et al. 2009; Wisnioski et al. 2011) or gravitational

lensing (e.g. Stark et al. 2008; Jones et al. 2010). While most high-redshift studies use

emission lines such as Hα or [OII] to trace the ionised gas dynamics of galaxies, observa-

tions of spatially resolved CO emission have been made (e.g. Tacconi et al. 2010; 2013;

Swinbank et al. 2011; Genzel et al. 2013). These studies suggest that the molecular gas

is also turbulent – it is the entire disk which is dynamically hot, not just “flotsam” on the

surface that has been stirred up by star formation.

Since turbulence in the ISM decays on timescales comparable to the disk crossing

time, a source of energy is required to maintain the observed high velocity dispersions

(e.g. Mac Low et al. 1998; Stone et al. 1998). Several potential mechanisms have been

suggested, including star formation feedback (e.g. Lehnert et al. 2009; 2013; Le Tiran
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et al. 2011), accretion via cosmological cold flows (Klessen & Hennebelle 2010), gravita-

tional disk instabilities (e.g. Bournaud et al. 2010; 2014; Ceverino et al. 2010; Goldbaum

et al. 2015), interactions between star-forming clumps (Dekel et al. 2009; Aumer et al.

2010), or some combination thereof. However there have been few observational tests of

these theories.

Recent advancements in instrumentation such as multi-IFU systems (e.g. KMOS,

SAMI; Sharples et al. 2013, Croom et al. 2012) and panoramic IFUs (e.g. MUSE; Bacon

et al. 2010) allow for large, un-biased samples of galaxies to be subdivided into bins of

redshift, star formation rate, stellar mass and morphology. In this work we investigate

the velocity dispersion properties of high-redshift galaxies using data from the KMOS

Redshift One Spectroscopic Survey (KROSS; Stott et al. 2016). This mass-selected sam-

ple consists of ∼ 800 Hα-detected, typical star-forming galaxies at z∼ 1. We supplement

these observations with data from SAMI (z∼ 0.05) and an intermediate redshift MUSE

sample (z∼ 0.5).

We organise this chapter as follows. In §4.2 we describe the KROSS survey, sample

selection and observations. In §4.3 we outline our analysis, the measurement of kinematic

quantities and corrections applied for beam smearing. In §4.4 we present our results. We

discuss how velocity dispersion relates to star formation rate and stellar mass, and explore

how galaxy dynamics evolve as a function of redshift. In §4.5 we investigate which phys-

ical processes may drive turbulence in the ISM, using KROSS to test the predictions of

analytic models. Finally in §4.6 we summarise our main conclusions. In this work, we

adopt a H0 = 70 km s−1 Mpc−1, ΩM = 0.3, ΩΛ = 0.7 cosmology. We assume a Chabrier

IMF (Chabrier 2003), and quote all magnitudes as AB. Throughout, the errors associated

with median values are estimated from a bootstrap re-sampling of the data.

4.2 Survey, Sample Selection & Data Reduction

KROSS is an ESO Guaranteed Time survey (PI: R. Sharples) designed to study the spa-

tially resolved dynamics of typical z∼ 1 star-forming galaxies using KMOS. With 24

individual near-infrared IFUs, the high multiplexing capability of KMOS has allowed us

to efficiently construct a statistically significant sample at this epoch. The programme is
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now complete, with a total of 795 galaxies observed. Full details of the sample selection,

observations and data reduction can be found in Stott et al. (2016) and Harrison et al.

(2017), however in the following sub-sections we briefly summarise key aspects.

4.2.1 Sample Selection

The main aim of KROSS is to study the ionised gas kinematics of a large and represen-

tative sample of star-forming galaxies at z∼ 1. We use KMOS to target the Hα emission

line, which combined with the adjacent [NII] doublet allows us to trace star formation,

dynamics and chemical abundance gradients. Targets were selected such that Hα is red-

shifted into the YJ band and are located in the following extragalactic fields: (1) Cosmo-

logical Evolution Survey (COSMOS); (2) Extended Chandra Deep Field South (ECDFS);

(3) SA22 and (4) UKIDSS Ultra-Deep Survey (UDS).

In addition to these redshift criteria we prioritised galaxies with an observed K-band

magnitude of KAB < 22.5, which translates to a stellar mass of log(M?/M�)& 9.5 at this

redshift (see §4.2.2), and with colours of r− z< 1.5. For completeness, redder galaxies

(more passive or potentially more dust obscured) were also included but were assigned a

lower priority for observation. Our sample therefore favours star-forming and unobscured

galaxies which may have strong line emission.

From the original sample of 795 galaxies, we follow Harrison et al. (2017) by re-

moving 52 sources which were found to have unreliable photometry or to have suffered

KMOS pointing errors. The remaining sample therefore consists of 743 galaxies between

z = 0.6 – 1.0, with a median redshift of z = 0.85 +0.11
−0.04. Of these targets, 586 are detected in

Hα. This is the sample we use for the dynamical analysis described in this work.

4.2.2 Stellar Masses

Since our targets were selected from a number of well-studied, deep extragalactic survey

fields, a wealth of archival photometry data (from X-ray to radio) exists. We use imaging

from the U-band through IRAC 4.5 µm to derive stellar masses and absolute magnitudes,

as described in Stott et al. (2016). Briefly, we applied the SED fitting code HYPERZ (Bol-

zonella et al. 2000) to fit U-band through 4.5 µm photometry using spectral templates
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derived from the Bruzual & Charlot (2003) evolutionary code. Although individual es-

timates of stellar mass can be made, in this work we follow Harrison et al. (2017) in

applying a single mass-to-light ratio to ensure consistency across the four target fields.

We convert rest-frame H-band absolute magnitudes using the median mass-to-light ra-

tio returned by HYPERZ (ϒH = 0.2), as M? = ϒH×10−0.4×(MH−4.71), resulting in a median

stellar mass of log(M?/M�) = 10.0± 0.4.

4.2.3 Star Formation Rates

We find a median Hα luminosity for the KROSS sample of log(LHα/erg s−1) = 41.5± 0.3,

which equates to ∼ 0.6×L?
Hα

at z∼ 1 (Sobral et al. 2015). To convert to star formation

rates we adopt a simple approach and apply the Kennicutt (1998a) calibration (using a

Chabrier IMF; Chabrier 2003), assuming a dust attenuation of AHα = 1.73 (the median

for the sample as returned by HYPERZ, converted from stellar to gas extinction using the

relation from Wuyts et al. 2013). From this method, we derive a median star formation

rate of 7.0± 0.3 M�yr−1 (see also Harrison et al. 2017).

In Fig. 4.1 we plot Hα luminosity versus estimated stellar mass for the 586 galaxies

detected in Hα. We overlay the star-forming “main sequence” (as described by Speagle

et al. 2014) at the median redshift of KROSS and find the properties of our sample to

be consistent with this trend. Approximately 95% of galaxies have star formation rates

within a factor of five of the median for their mass. We therefore conclude that our sample

appears to be representative of typical star-forming galaxies at this redshift.

4.2.4 Observations and Data Reduction

Observations for KROSS were taken using KMOS, a near-infrared integral field spec-

trograph on ESO/VLT. The instrument consists of 24 individual IFUs deployable within

a 7.2 arcmin diameter patrol field. Each covers a 2.8× 2.8 arcsec field of view with a

uniform spatial sampling of 0.2 arcsec. All targets were observed with the YJ-band fil-

ter which covers a wavelength range of 1.03 – 1.34 µm, thus allowing us to measure the

rest-frame optical properties of our sample. The spectral resolution in this band ranges

between R∼ 3000 – 4000.
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Figure 4.1: Observed Hα luminosity against stellar mass (scaled from MH , top axis, as-
suming a constant mass-to-light ratio) for all 586 Hα–detected KROSS galaxies. Targets
cut from the final kinematic sample (potential AGN or mergers, unresolved or low data
quality sources; see §4.3.7) are marked by crosses. We differentiate between galaxies for
which the dispersion is measured in the outskirts of the disk, and those where it comes
from the median of all available pixels (see §4.3.5). We find a median star formation
rate of 7 M� yr−1 and a median stellar mass of 1010 M�, in line with the star forming
“main sequence” at z = 0.85 (Speagle et al. 2014; solid line, with dashed lines a factor of
five above or below). Dotted lines show 0.1× and 1×LHα at this redshift (Sobral et al.
2015). A typical systematic error is shown in the bottom right.
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Data was taken primarily between October 2013 and October 2015 using guaranteed

time, but was supplemented with some science verification observations (Sobral et al.

2013b; Stott et al. 2014). Median seeing in the J-band was 0.7 arcsec, with 92% of obser-

vations made during conditions of < 1 arcsec, and throughout the analysis we account for

the seeing conditions of individual observations. In Chapter 3 we presented a detailed in-

vestigation into the impact of the seeing on our kinematic measurements (so-called “beam

smearing”). Observations were made in an ABAABAAB nod-to-sky sequence, where A

represents time on target and B time on sky. Total on-source integration time was an

average of 9 ks per galaxy.

Initial data reduction was performed using the standard ESOREX/SPARK pipeline

which dark subtracts, flat-fields and wavelength calibrates individual science frames, and

applies an additional illumination calibration. Each AB pair was reduced individually,

with the temporally closest sky frame subtracted from each object frame. Further sky

subtraction was then performed using residual sky spectra extracted from a series of ded-

icated sky IFUs (one for each of the three KMOS detectors). Finally, we combined all

observations of the same galaxy using a 3σ clipped average and re-sampled the data onto

a pixel scale of 0.1 arcsec. This forms the final datacube which we used to extract the Hα

and continuum images, velocity maps and line of sight velocity dispersion maps discussed

in the following sections.

4.3 Analysis

In this work we explore the velocity dispersion properties of the KROSS sample, investi-

gating which processes may drive the high levels of disk turbulence typically observed in

galaxies at this redshift. We first require measurements of galaxy size, inclination, posi-

tion angle, rotation velocity and velocity dispersion. Harrison et al. (2017) discussed how

high resolution broad-band imaging can be combined with KMOS data in order to make

robust measurements of kinematic and morphological properties. In the following section

we summarise this analysis. A catalogue of raw and derived properties for all 586 Hα

detected targets is available online (see §4.7). With the release of Johnson et al. (2017) on

the arXiv, this catalogue has been updated to include measurements and derived quantities
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relating to the velocity dispersion, as shown in Table 4.1.

4.3.1 Broad-band Imaging

We used the highest quality broad-band imaging available to measure the half-light radius

(R1/2), inclination (θ) and position angle (PAim) of each galaxy. For 46% of our sample

there is archival HST imaging. All of our targets in ECDFS and COSMOS, and a subset

of those in UDS, have been observed with HST in the H, I or z′-band. For all other targets

we use K-band ground-based imaging taken with the United Kingdom Infrared Telescope

as part of the UKIDSS survey (Lawrence et al. 2007). These images have a typical PSF

of FWHM = 0.65 arcsec in UDS and 0.85 arcsec in SA22.

In Harrison et al. (2017) we discuss the implications of using imaging of different rest-

frame wavelengths and spatial resolutions, and perform a series of tests to determine any

systematics introduced. We find that the half-light radii measured from I-band HST im-

ages are ∼ 10% larger than those measured from H-band images (consistent with the re-

sults of van der Wel et al. 2014). A small correction is therefore applied. We also degrade

the H-band HST images to assess whether the poorer spatial resolution of ground-based

images introduces any bias. On average, position angle measurements are unaffected by

this convolution, but there is a 10 and 20% scatter introduced at the UDS PSF and SA22

PSF, respectively. Inclination measurements are also consistent on average, but with 15

and 20% scatter. Half-light radii are slightly larger; however an introduced scatter of 25

and 35% is what dominates. We incorporate these 1σ scatters into our uncertainties for

measurements of R1/2, θ and PAim made using ground-based imaging.

4.3.2 Sizes, Inclinations and Position Angles

We first fit each image as a two dimensional Gaussian profile in order to determine a

morphological position angle and best-fit axis ratio (b/a). We deconvolve for the PSF of

the image and convert this axis ratio to an inclination angle as

cos2
θim =

(b/a)2−q2
0

1−q2
0

, (4.3.1)
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where q0 is the intrinsic axial ratio of an edge-on galaxy. This parameter could have a

wide range of values (≈ 0.1 – 0.65; see Law et al. 2012), however we adopt the ratio for

a thick disk, q0 = 0.2. Adjusting q0 would not have a significant impact on our results.

For 7% of galaxies we are unable to estimate θim due to poor resolution imaging. We

therefore assume the median axis ratio of the HST observed sources and assign these a

“quality 2” flag (see §4.3.7).

To estimate the half-light radius we measure the flux of each broad-band image within

a series of increasingly large elliptical apertures. For each ellipse we use the continuum

centre, and the position angle and axis ratio derived above. We define R1/2 as the radius

of the ellipse which contains half the total flux, deconvolved for the PSF of the image.

For 14% of the sample we are unable to measure the half-light radius from the im-

age, but instead infer an estimate using the turn-over radius of the rotation curve (Rd;

see §4.3.4). We calibrate these radii using sources for which both R1/2 and Rd can be

measured, and again assign a “quality 2” flag. For an additional 6% of sources neither of

these methods were suitable and we therefore place a conservative upper-limit on R1/2 of

1.8×σPSF. We assign these a “quality 3” flag.

4.3.3 Emission Line Fitting

A detailed description of how we extract two dimensional maps of Hα flux, velocity and

velocity dispersion from the IFU data can be found in Stott et al. (2016). However, we

include a brief summary here. In each spatial pixel we fit the Hα and [NII] 6548,6583

emission lines via a χ2 minimisation procedure, weighting against the positions of bright

OH skylines (Rousselot et al. 2000). Each emission line is modelled as a single Gaussian

component within a linear local continuum. We fit the Hα and [NII] emission simulta-

neously, allowing the centroid, intensity and width of the Gaussian profile to vary. The

FWHM of the lines are coupled and the flux ratio of the [NII] doublet fixed to be 3.06

(Osterbrock & Ferland 2006). During the fitting, we convolve the line profile with the

instrumental dispersion, as measured from the widths of nearby skylines. As such, our

dispersion measurements are corrected for the instrumental resolution.

If the detection in a given pixel does not exceed a signal-to-noise of five then we bin

the data into successively larger regions, stopping either when this criteria is met or an area
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of 0.7× 0.7 arcsec (the typical seeing of our observations) is reached. Using this method,

552 (94%) of the Hα detected sample are spatially resolved. We classify all unresolved

sources as having a “quality 4” flag. Since the typical seeing of our observations is larger

than the pixel size, pixel-by-pixel errors are not independent. This is something we try to

account for by modelling the effects of beam smearing (see §4.3.6). In Fig. 4.2 we show

example Hα intensity, velocity and velocity dispersion maps for eight KROSS galaxies.

4.3.4 Rotation Velocities

In order to measure a rotation velocity we must first establish the position of the major

kinematic axis (PAvel). We rotate the Hα velocity field around the continuum centre in

one degree increments and extract a velocity profile each time. We find the profile with

the largest velocity gradient and identify this position angle as PAvel. To extract a rotation

curve along this axis, we calculate the median velocity at positions along a 0.7 arcsec

“slit” through the continuum centre. Example rotation curves are included in Fig. 4.2,

where the error bar associated with each point represents all variation within the “slit”.

To minimise the impact of noise on our measurements, we fit each rotation curve as

an exponential disk (Freeman 1970) of the form:

v(r)2 =
r2πGµ0

Rd
(I0K0− I1K1)+ voff, (4.3.2)

where r is the radial distance, µ0 is the peak mass surface density, Rd is the disk radius

and InKn are the Bessel functions evaluated at 0.5r/Rd. The final parameter, voff, is the

velocity measured at the centre of the galaxy and we apply this offset to the rotation curve

before making measurements. We model each galaxy in this way with the intention of

interpolating the data to obtain a more robust measurement. However, for 13% of galax-

ies we must extrapolate (> 0.4 arcsec; ∼ 3 kpc) beyond the data to evaluate the rotation

velocity at the desired radius.

We measure the rotation velocities of our sample at two radii frequently used within

the literature, 1.3R1/2 and 2R1/2 (≈ 2.2Rd and 3.4Rd for an exponential disk). The first

of these coincides with the peak rotation velocity of an ideal exponential disk, while the

second probes outer regions of the galaxy, where we expect the rotation curve to have
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Figure 4.2: Example data for eight galaxies in the KROSS sample, arranged by increasing
stellar mass from top to bottom. Left to right: (1) Broad-band image with orange dashed
line to represent PAim. We also display the quality flag (see §4.3.7) and a 5 kpc scale
bar. (2) Hα intensity map with cross to mark the continuum centre and dashed circle to
represent the seeing FWHM. (3) Hα velocity map with dashed orange line to represent
PAim and solid black line to represent PAvel. (4) Observed Hα velocity dispersion map
with lines as in panel 3. (5) Rotation curve extracted along a 0.7 arcsec wide “slit” of
PAvel. The solid curve describes a model which we use to find the rotation velocity at
± 3.4 Rd (dashed vertical lines). To estimate vC,obs we take the average of these two
values (horizontal dashed lines). (6) Observed velocity dispersion profile extracted along
PAvel, with dashed line to represent σ0,obs as measured in the outskirts of the disk (O) or
from the median of all pixels (M). The dot-dashed line shows this same value corrected
for beam smearing (σ0). In general, as the stellar mass of the galaxy increases, we see a
larger peak in the dispersion profile due to beam smearing.



4.3. Analysis 107

flattened. We refer to these measurements as v2.2 and vC, respectively. For each galaxy

we convolve R1/2 with the PSF of the KMOS observation1 and extract velocities from

the model rotation curve. At a given radius, our final measurement is half the difference

between velocities on the blue and red side of the rotation curve. We account for beam

smearing using the correction factors derived in Chapter 3. Finally, we correct for the

inclination of the galaxy, as measured in §4.3.2.

A small subset of our sample (11%) are unresolved in the KMOS data (“quality 4”) or

the broad-band imaging (“quality 3”). As such we are unable to extract rotation velocities

for these galaxies from a rotation curve. Instead we make estimates using the linewidth

of the galaxy integrated spectrum, and calibrate our results using galaxies for which both

methods are available. From a sample of 586 Hα detected galaxies, 433 are flagged as

“quality 1”, 88 are “quality 2”, 31 are “quality 3” and 34 are “quality 4”.

4.3.5 Velocity Dispersions

Throughout our analysis, we assume that the intrinsic velocity dispersion is uniform

across the disk (as in e.g. Epinat et al. 2012; Genzel et al. 2014; Simons et al. 2016).

Most galaxies at z∼ 1 are best described by two components, a bulge and a disk (e.g.

Buitrago et al. 2013; McLure et al. 2013; Bruce et al. 2014). However, we would not

expect a stellar bulge to have a significant impact on the gas dispersion profile, as traced

by Hα (see §3.5.3 for discussion). In the same way as we extract a rotation curve from the

velocity map, we also extract a profile along the major kinematic axis of the velocity dis-

persion map. We use this profile to measure the observed dispersion, σ0,obs, by taking the

median of values at either end of the kinematic axis |R|> 2R1/2 (3.4 Rd for an exponential

disk) and adopting whichever value is smallest (see Fig. 4.2). We assume the uncertainty

on this measurement is the scatter of values included in the median. Evaluating σ0,obs

at radii far from the dynamical centre reduces any bias introduced by beam smearing

(Chapter 3; §4.3.6), and measurements here should be close to the intrinsic dispersion.

While this is our preferred method, 56% of the resolved sample (307 galaxies) have

insufficient signal-to-noise in the outer regions of the galaxy (± 2R1/2) to be able to mea-

1i.e. R2
1/2,conv = R2

1/2 + FWHM2
PSF
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sure the dispersion in this way. Instead we measure the median of all available pixels

within the dispersion map. Once we apply the relevant beam smearing corrections derived

in Chapter 3, we find that the σ0,obs values from each method are in good agreement. In

cases where we can follow either approach the results are (on average) consistent to within

4%, with ≈ 50% scatter around this offset. We therefore assign an uncertainty of 50% to

measurements made using this second method. We do not estimate σ0 for unresolved

galaxies.

4.3.6 Beam Smearing Corrections

Since our KMOS observations are seeing-limited, we must consider the impact of the spa-

tial PSF (the seeing) on our kinematic measurements. As IFU observations are convolved

with the PSF, information from each spatial pixel is combined with that of neighbouring

regions – a phenomenon known as “beam smearing” (see e.g. Epinat et al. 2010; Davies

et al. 2011; Burkert et al. 2016). This acts to increase the observed velocity dispersion

(particularly towards the dynamical centre) and to flatten the observed rotation curve,

thereby reducing the observed velocity. In order to calibrate for these effects, we create a

series of mock KMOS observations and derive correction factors which can be applied to

the kinematic measurements. Our method for this correction is similar to that adopted by

other authors (e.g. Burkert et al. 2016; Turner et al. 2017) and we derive similar results.

Full details of this investigation were presented in Chapter 3, however the following is a

brief summary.

To begin this process we create a sample of ∼ 105 model disk galaxies, with stellar

masses and radii representative of the KROSS sample. We assume an exponential light

profile and model the galaxy dynamics as the sum of a stellar disk plus a dark matter halo.

An appropriate range of dark matter fractions is determined using results of the cosmo-

logical simulation suite “Evolution and Assembly of GaLaxies and their Environments”

(EAGLE; Crain et al. 2015; Schaye et al. 2015; Schaller et al. 2015). For simplicity,

the intrinsic velocity dispersion (σ0) is assumed to be uniform across the disk. From

these properties we can predict the intensity, linewidth and velocity of the Hα emission at

each position. We use this information to create an “intrinsic” KMOS data cube for each

galaxy.
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To simulate the effects of beam smearing we convolve each wavelength slice of the

cube with a given spatial PSF. We model a range of seeing conditions to match our KMOS

observations. This forms the “observed” data cube from which we extract dynamical

maps (in the same way as for the observations) and measure vC,obs, v2.2,obs and σ0,obs.

Differences between the input values of the model and these “observed” values then form

the basis of our beam smearing corrections. The amplitude of the beam smearing is

most sensitive to the size of the galaxy relative to the PSF. These corrections are best

parameterised as a function of Rd/RPSF, where RPSF is half of the FWHM of the seeing

PSF.

Fig. 3.8 in the previous chapter shows the ratio of the observed and intrinsic rotation

velocity as a function of Rd/RPSF. As expected, the larger the spatial PSF is compared

to the disk, the more we underestimate the intrinsic velocity. Averaging over all stellar

masses and inclinations, we find a median correction to vC of ξv = 1.07± 0.03, with a

range of ξv = 1.0 – 1.17. Applying this correction acts to increase the median rotation

velocity measurement by 4 km s−1.

Similarly, the smaller the value Rd/RPSF the more we overestimate the intrinsic ve-

locity dispersion. However, the impact of beam smearing on measurements of σ0 also

depends strongly on the velocity gradient across the disk (which is a function of both

dynamical mass and inclination angle). In Fig. 3.10 we split corrections into four sepa-

rate tracks as a function of vC,obs. The majority of galaxies in our sample (67%) have

observed rotation velocities of vC,obs≤ 100 km s−1, so most corrections are made using

the green and blue tracks of Fig. 3.10. The required adjustments are therefore relatively

small. When using the velocity dispersions extracted from outer regions of the disk, we

apply a median beam smearing correction of ξσ = 0.97+0.02
−0.06. If a value is extracted from

the median of the map, we apply a median factor of ξσ = 0.8+0.1
−0.3. Applying these beam

smearing corrections to KROSS data reduces the median velocity dispersion measurement

by 9 km s−1.

4.3.7 Definition of the Final Sample

In §4.2 we presented a mass- and colour-selected sample of 743 KROSS galaxies, 586 of

which are detected in Hα. In Fig. 4.1 we show that this forms a representative sample of
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star-forming galaxies at this redshift (z≈ 0.85), in the context of the M? – SFR “main se-

quence”. With kinematic and morphological properties of these galaxies now established

(e.g. Fig.4.2), we make a number of additional cuts to the sample.

Firstly, as in Harrison et al. (2017) we exclude 20 galaxies with line ratios of

[NII]/Hα> 0.8 and/or a broad-line component to the Hα emission of ≥ 1000 km s−1.

These sources may have a significant AGN component or kinematics which are influ-

enced by shocks (e.g. Kewley et al. 2013; Harrison et al. 2016). We also remove 30

sources which have multiple components in their broad-band imaging and/or IFU data. In

doing so we hope to remove any potential major mergers. Finally, we exclude “quality 4”

and “quality 3” sources which are unresolved or without a half-light radius measurement,

respectively. This leaves a final sample of 472 galaxies.

The various cuts applied have little impact on the global properties of the sample.

Fig. 4.1 shows that after the removal of 114 galaxies (highlighted as grey crosses), the

sample is still uniformly scattered about the star-forming “main sequence”. Overall, 400

(85%) of the final sample satisfy the high priority selection criteria of r− z < 1.5 and

KAB < 22.5 (see §4.2.1 and Harrison et al. 2017), compared to 83% of all Hα-detected

KROSS galaxies.

Of the final sample, 18% (84 galaxies) are classified as “quality 2”, owing to a fixed

inclination angle or half-light radius measured from the rotation curve. For 49% of the

sample (231 galaxies) we are able to measure the velocity dispersion (σ0) using data in

the outer regions of the galaxy. For the remaining 51% of cases (241 galaxies) we must

measure the median of all IFU pixels and correct this value appropriately. As discussed

in §4.3.5 these two methods are consistent, however we attribute larger uncertainities to

measurements made using the latter approach.

4.4 Results

In the previous section we summarised the morphological and kinematic analysis of 586

Hα detected galaxies in the KROSS sample. After the removal of 114 sources which

have either uncertain kinematic measurements, or show signs of a significant AGN com-

ponent or merger event, we construct a final sample of 472 clean, well-resolved galaxies.
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In the following subsections we present a detailed discussion of the velocity dispersion

properties of this sample.

4.4.1 Velocity Dispersions

We measure a median intrinsic velocity dispersion of σ0 = 43.2± 0.8 km s−1 and a 16–

84th percentile range of 27 – 61 km s−1. This median dispersion is lower than the 59± 2

km s−1 previously reported for KROSS in Stott et al. (2016) due to a more rigorous beam

smearing analysis, different measurement techniques, and further refinement of the kine-

matic sample (see §4.3 and Harrison et al. 2017). As discussed in §4.3.5, we measure

the dispersion of each galaxy using one of two different methods. For approximately

half of the sample we measure σ0 in outer regions of the disk (|R|> 2R1/2) while for

the remaining galaxies we calculate the median of all pixels. Galaxies in the “median”

sample tend to be larger than those in the “outskirts” sample (median half-light radii of

3.5± 0.1 kpc and 2.07± 0.08 kpc, respectively) and also more passive (median star for-

mation rates of 6.2± 0.3 M�yr−1 and 8.2± 0.4 M�yr−1). This results in a lower surface

brightness, which makes it more difficult to resolve kinematics in the outskirts of the

galaxy. The velocity dispersions of this subset are also slightly higher, with a median of

σ0 = 45± 1 km s−1 as opposed to 41± 1 km s−1 for the “outskirts” sample.

In Fig. 4.3 we explore the relationship between stellar mass and velocity dispersion.

We may expect these quantities to be related, since dispersions are important in measur-

ing the dynamical support of galaxies, regardless of morphological type. For example,

several authors have noted that the S0.5 parameter [S0.5 = (0.5 v2+σ2)1/2] correlates more

strongly with stellar mass than rotational velocity alone (e.g. Kassin et al. 2007; Vergani

et al. 2012; Cortese et al. 2014). Fig. 4.3 shows that before we account for beam smear-

ing, the average velocity dispersion increases significantly with stellar mass. We measure

a median σobs of 48± 2 km s−1 in the lowest mass bin compared to 64± 5 km s−1 in the

highest. However as discussed in §4.3.6 (and extensively in Chapter 3), a more mas-

sive galaxy is typically associated with a steeper velocity gradient across the disk (e.g.

Catinella et al. 2006) and hence stronger beam smearing. After we apply corrections

as a function of Rd/RPSF and vC,obs (Fig. 3.10) we no longer observe this trend and in-

stead find the median σ0 to be consistent across the four mass bins, with values between
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42± 2 km s−1 and 45± 3 km s−1. If we consider only dispersion measurements made in

the outskirts of the disk, values are almost identical – lower by a factor of 0.98± 0.03. Our

results suggest that σ0 is independent of stellar mass between log(M?/M�) = 9.4 – 10.4.

4.4.2 Rotational Support

To quantify the balance between rotational support and turbulence of the gas, we calculate

the ratio between rotation velocity and velocity dispersion, vC/σ0, for each of the KROSS

galaxies. We find a median value of vC/σ0 = 2.6± 0.1 and a 16–84th percentile range of

0.9 – 5. We can use this ratio between rotation velocity and intrinsic dispersion to achieve

a crude separation of “dispersion dominated” and “rotationally dominated” galaxies. Fol-

lowing e.g. Genzel et al. (2006) we adopt vC/σ0 = 1 as a boundary between the two. By

this definition we find a rotationally dominated fraction of 83± 5%, which suggests that

the majority of star-forming galaxies at this redshift are already settled disks. The KROSS

sample used for this work is slightly different to that presented in Harrison et al. (2017),

for example we include only “quality 1” or “quality 2” sources. However, our results are

consistent, suggesting that this does not introduce a bias. Harrison et al. (2017) find a me-

dian value of vC/σ0 = 2.4± 0.1 and a rotationally dominated fraction of 81± 5%. Despite

a more detailed treatment of the beam smearing effects, our results are also consistent

with the initial KROSS values derived in Stott et al. (2016).

In Fig. 4.4 we study how rotational support relates to stellar mass. Observations sug-

gest that galaxies evolve hierarchically from disordered, dynamically hot systems to reg-

ularly rotating disks, with the most massive galaxies settling first (kinematic downsizing;

e.g. Kassin et al. 2012; van der Wel et al. 2014; Simons et al. 2016; 2017). At a given

redshift it is expected that high mass galaxies are more stable to disruptions due to gas

accretion, winds or minor mergers (e.g. Tacconi et al. 2013; Genzel et al. 2014). As

such, we expect the most massive galaxies to exhibit the largest vC/σ0 values. Fig. 4.4

demonstrates that this is indeed true for the KROSS sample, with median vC/σ0 values of

1.3± 0.1 and 4.3± 0.3 in the lowest and highest mass bins, respectively, and “dispersion

dominated” systems more prevalent at low stellar mass. Since we observe no correlation

between velocity dispersion and stellar mass, this increase must be a result of higher mass

galaxies rotating more quickly. If M? ∝ v2
C then we would expect vC to increase by a factor
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Figure 4.3: Beam smearing corrected velocity dispersion against stellar mass, with points
coloured by the technique used to measure σ0. Large black symbols show the median
dispersion (and standard deviation) in bins of stellar mass. If we consider only measure-
ments made in the outskirts of the disk, these average values are almost identical – a factor
of 0.98± 0.03 lower. Large open symbols show the median in each bin prior to the cor-
rection being applied. The large black points show that once we have accounted for the
effects of beam smearing (see §4.3.6) we find σ0 to be independent of stellar mass. The
dotted line is a fit to this trend.
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Figure 4.4: Ratio between inclination corrected rotational velocity (vC) and intrinsic ve-
locity dispersion (σ0) against stellar mass. Fig. 4.3 shows that the average σ0 is roughly
the same in each mass bin, however due to larger rotational velocities we see an increase
in vC/σ0 with increased stellar mass. We fit a trend to the median values in bins of in-
creasing stellar mass (large black points) and plot this as a dotted line. The dashed line
acts as a crude boundary between “dispersion dominated” (below) and “rotationally dom-
inated” galaxies (above,∼ 80% of our sample). More massive galaxies appear to be more
rotationally supported.
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of ∼ 3.2 over the mass range log(M?/M�) = 9.4 – 10.4. This is consistent with our results

in Fig. 4.4.

4.4.3 Trends Between Velocity Dispersion and Stellar Mass,

Star Formation Rate and Redshift

To analyse the kinematics of KROSS galaxies in an evolutionary context, and to further

explore how dispersion relates to other galaxy properties, we introduce comparison sam-

ples. In the “IFU era” there are a multitude of kinematic surveys to choose from, however

it is often difficult to make comparisons since the techniques used, particularly for beam

smearing corrections, can vary a great deal. In this subsection we therefore consider only

two additional samples, for which we can measure (and correct) σ0 in a consistent way.

In §4.4.4 we will study the average properties of a further five comparison samples.

4.4.3.1 SAMI sample

Our first comparison sample consists of 824 galaxies from the Sydney-AAO Multi-

object Integral field (SAMI; Croom et al. 2012) Galaxy Survey. The goal of this sur-

vey is to provide a complete census of the spatially resolved properties of local galaxies

(0.004< z< 0.095; Bryant et al. 2015; Owers et al. 2017). SAMI is a front-end fibre

feed system for the AAOmega spectrograph (Sharp et al. 2006). It uses a series of “hex-

abundles” (Bland-Hawthorn et al. 2011; Bryant et al. 2014), each comprised of 61 optical

fibres and covering a∼ 14.7 arcsec field of view, to observe the stellar and gas kinematics

of up to 12 galaxies simultaneously. Reduced SAMI datacubes have a 0.5 arcsec spa-

tial sampling. A detailed description of the data reduction technique is presented in Sharp

et al. (2015). The data used for this analysis was kindly provided by the SAMI team ahead

of its public release (Green et al. in prep), however an early data release is presented in

Allen et al. (2015).

In order to compare SAMI data to KROSS we first make a series of cuts to the sam-

ple. In particular, the SAMI survey contains a number of early-type and elliptical galaxies

with high Sérsic indicies, high stellar masses and low star formation rates (hence very

low specific star formation rates), which are not representative of the KROSS sample
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selection, that is to select typical star-forming galaxies for that epoch. We therefore re-

move galaxies from the SAMI sample with masses greater than M? = 8×1010 M� and a

Sérsic index of n > 2 (since the derived σ0 measurements for these galaxies are likely

to be measuring different physical processes). We also remove sources which are unre-

solved at the SAMI resolution or have kinematic uncertainities greater than 30%. This

leaves a total of 274 galaxies with a median redshift z∼ 0.04 and median stellar mass

log(M?/M�) = 9.34± 0.07.

In Fig. 4.5 we plot star formation rate versus stellar mass for this sample. Stellar

masses were estimated from g− i colours and i-band magnitudes following Taylor et al.

(2011), as described in Bryant et al. (2015). Star formation rates were estimated using

Hα fluxes corrected for dust attenuation. Most SAMI galaxies are representative of the

star-forming “main sequence” at z = 0 (Peng et al. 2010), and hence at fixed stellar mass,

star formation rates are 30 – 50 times lower than for KROSS galaxies.

To measure rotation velocities and dispersions, we exploit the gas velocity maps,

which use 11 strong optical emission lines including Hα and [OII]. From these maps

we make measurements using the same methods as for the KROSS sample (for an inde-

pendent study of SAMI velocity dispersions see Zhou et al. 2017). However, since the

angular sizes of galaxies at this redshift are much larger, the field of view of SAMI often

does not extend to 3.4Rd. Instead, we use a radius of 2Rd and correct the derived quantities

appropriately based on our modelling in Chapter 3.

4.4.3.2 MUSE sample

For a second comparison we exploit the sample of Swinbank et al. (2017), who study the

kinematics of 553 [OII] emitters serendipitously detected in a series of commissioning

and science verification observations using MUSE (Multi-Unit Spectroscopic Explorer;

Bacon et al. 2010), a panoramic IFU with 1× 1 arcmin field of view and 0.2 arcsec spa-

tial sampling. Science targets were largely extragalactic “blank” fields or high-redshift

galaxies and quasars. Due to the nature of the sample, sources span a wide range of red-

shifts, with 0.28< z< 1.49. To provide an intermediate between the redshifts of KROSS

and SAMI, we restrict this sample to galaxies between 0.3< z< 0.7. In Swinbank et al.

(2017) sources were classified as rotationally supported, merging, interacting or compact,
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Figure 4.5: Star formation rate versus stellar mass for the KROSS galaxies studied in
this work (as in Fig. 4.1), and the MUSE and SAMI comparison samples discussed in
§4.4.3. We overlay the star-forming “main sequence” at z = 0 (Peng et al. 2010) and
z = 0.85 (Speagle et al. 2014), which illustrate that the KROSS and SAMI samples are
representative of typical star-forming galaxies at their respective redshifts. The MUSE
sample are [OII] emitters serendipitously detected within observations of other targets,
hence these galaxies have a wide range of masses and star formation rates.
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based on their dynamics and optical morphologies. We choose to exclude major mergers

and compact (unresolved) galaxies from our analysis, and also those which have poorly

defined masses or optical radii. With the implementation of these cuts our comparison

sample consists of 133 galaxies with a median redshift of z∼ 0.5 and median stellar mass

log(M?/M�) = 9.1± 0.1. Stellar masses were derived from MH magnitudes, using the

same method as for KROSS, and the star formation rates calculated using dust-corrected

[OII] fluxes. Fig. 4.5 shows that since the selection is based only on [OII] flux, galaxies

are scattered within the M? – SFR plane and it is more difficult than for SAMI and KROSS

to identify a “main sequence”, however star formation rates are generally between those

of the z∼ 0 and z∼ 0.9 samples.

Swinbank et al. (2017) extract rotation velocities at radii of 3Rd and we apply the

beam smearing corrections derived in §4.3.6 to these values. Velocity dispersions are

calculated by first applying a pixel-by-pixel ∆v/∆R correction to the map (i.e. subtracting

the average shear across the pixel in quadrature), and then finding the median of all pixels

outside of the seeing PSF. This beam smearing method is similar to that for KROSS and

so no additional corrections are applied in our comparison.

4.4.3.3 Dispersion Properties

In Fig. 4.6 we explore the relationship between velocity dispersion and stellar mass, star

formation rate and specific star formation rate. At a given redshift, there appears to be at

most only a weak trend between stellar mass and velocity dispersion. This is consistent

with the results of other high redshift kinematic studies (e.g. Wisnioski et al. 2015; Si-

mons et al. 2017; Turner et al. 2017). We observe a larger trend of increasing dispersion

with stellar mass for the SAMI sample than for KROSS (where any change is not signifi-

cantly detected) and MUSE, however this is still only a 12± 5 km s−1 change associated

with a factor ∼ 100 increase in stellar mass. What is more apparent is an increase in σ0

with redshift. In the lower left panel of Fig. 4.6 we show that for a fixed stellar mass the

average velocity dispersions of KROSS and MUSE galaxies are ∼50 % higher than for

the SAMI sample at z∼ 0.

In Fig. 4.6 we also investigate how dispersion is affected by global star formation rate.

While there is little overlap between the datasets, the three samples combined indicate
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Figure 4.6: Top: Trends between velocity dispersion (σ0) and a selection of non-kinematic
properties, for KROSS galaxies (this study) and the two comparison samples outlined in
§4.4.3. For the SAMI and MUSE samples we plot properties of individual galaxies and
overlay medians within a series of x-axis bins (each containing 25% of the sample). For
clarity, for KROSS galaxies we show only the median values, with error bars to represent
the 1σ scatter. Top Left: Velocity dispersion versus stellar mass. At any given redshift
there is no strong correlation between dispersion and stellar mass, however higher redshift
galaxies appear to have larger dispersions. Top Middle: Velocity dispersion versus star
formation rate. While there is little overlap in star formation rate between the three sam-
ples, we observe a weak trend of increasing dispersion with increasing star formation rate.
Top Right: Velocity dispersion versus specific star formation rate. For individual samples
we see no significant trend between dispersion and specific star formation rate, but again
there appears to be an increase with redshift. Bottom: Velocity dispersion versus redshift,
relative to the SAMI sample. We calculate the median dispersion of each sample over
the same range in (left to right) M?, SFR or sSFR, and plot these values as a function of
redshift. For fixed stellar mass or fixed sSFR we see a weak trend of increasing dispersion
with redshift. For fixed SFR the values are consistent within the uncertainties.
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a weak trend of increasing dispersion with increasing star formation rate. Although we

observe only a 20 – 25 km s−1 change (a factor of ∼ 2 increase) in σ0 across three orders

of magnitude in star formation rate, this result is consistent with a number of previous

studies (e.g. Lehnert et al. 2009; 2013; Green et al. 2010; 2014; Le Tiran et al. 2011;

Moiseev et al. 2015). Typically a weak trend is observed below 10 M�yr−1 and it is

only above this threshold that there is a strong increase in velocity dispersion with star

formation rate. Few KROSS galaxies fit this criteria. Several authors have interpreted

the relationship between star formation and dispersion as evidence of feedback driven

turbulence, however Krumholz & Burkhart (2016) argue that turbulence driven by disk

instability would manifest in a similar way. In §4.5 we investigate whether it is possible

to distinguish between these two different scenarios using our dataset.

One way to normalise for differences in star formation rate and mass between samples

is to plot the specific star formation rate (sSFR; SFR/M?). In the top right panel of Fig. 4.6

we plot velocity dispersion against sSFR, and find that for all three samples σ0 is remark-

ably constant. There is a variation of less than 5 km s−1 across an order of magnitude in

sSFR for KROSS and SAMI, and of less than 10 km s−1 across three orders of magnitude

for the MUSE sample. In the panel below this we study the relationship between velocity

dispersion and redshift, calculating the median of each sample for a fixed range in sSFR.

It is difficult to make a robust comparison since the SAMI galaxies tend to have a much

lower specific star formation rate, however there appears to be a systematic increase in

dispersion with redshift. We see an increase of ∼ 50% between z∼ 0 and z∼ 0.9.

4.4.4 Dynamics in the Context of Galaxy Evolution

Kinematic studies at high-redshift suggest that star-forming galaxies at early times were

dynamically “hot”, with velocity dispersions much larger than those observed for disks in

the local Universe. In this section we examine how the KROSS galaxies fit within a wider

evolutionary context, comparing their dynamics to those of the SAMI and MUSE samples

discussed in §4.4.3 and five additional comparison samples between 0< z< 2.5. For this

comparison we include data from the GHASP (Epinat et al. 2010; log(Mavg
? /M�) = 10.6),

KMOS3D (Wisnioski et al. 2015; log(Mavg
? /M�) = 10.7 and 10.9 for the z∼ 1 and 2 sam-

ples respectively), MASSIV (Epinat et al. 2012; log(Mavg
? /M�) = 10.5), SIGMA (Simons
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et al. 2016; log(Mavg
? /M�) = 10.0) and SINS (Cresci et al. 2009; Newman et al. 2013;

log(Mavg
? /M�) = 10.6) surveys. These are all large samples (& 50 galaxies) of “typical”

star-forming galaxies, with star formation rates representative of the main sequence at a

particular redshift. Beam smearing of the intrinsic velocity dispersion has been accounted

for in each sample, either through disk modelling or post-measurement corrections. With

the exception of GHASP (Fabry-Pérot) and SIGMA (MOSFIRE multi-object spectro-

graph), these are IFU-based studies.

In calculating average dispersion and vC/σ0 values, we note that different authors

adopt different approaches. For example Wisnioski et al. (2015) consider only “disky”

galaxies within the KMOS3D sample, selected based on five criteria including vC/σ0 > 1, a

smooth gradient within the velocity map (“spider diagram”; van der Kruit & Allen 1978),

and a dispersion which peaks at the position of the steepest velocity gradient. However it

is difficult to isolate a similar subset for each of the samples discussed here. For example,

Epinat et al. (2010) have shown that up to 30% of rotators may be misclassified if a veloc-

ity dispersion central peak is required. Low spatial resolution may also lead kinematically

irregular galaxies to be misidentified as rotators (e.g. Leethochawalit et al. 2016).

In the left panel of Fig. 4.7 we plot the median, mean and distribution of velocity

dispersion measurements for each of the eight samples, as a function of redshift. As has

been noted before, there is a gradual increase in the average velocity dispersion from

∼ 25 km s−1 at z = 0 to ∼ 50 km s−1 at z = 2. At z∼ 1 Wisnioski et al. (2015) report an

average of σ0 = 25± 5 km s−1 for the KMOS3D sample, whereas for KROSS we measure

a median of σ0 = 43.2± 0.8 km s−1. We attribute this difference to the samples used to

calculate the median. We restrict the KROSS, SAMI and MUSE samples to “rotationally

dominated” galaxies, to be consistent with their sample, and plot the medians as open

symbols. For KROSS we find a reduced median of σ0 = 36± 2 km s−1, which is in better

agreement.

There has been much discussion as to which physical processes drive the observed

evolution of velocity dispersion with redshift. We explore the theoretical arguments in

§4.5. However in this subsection we follow the analysis of Wisnioski et al. (2015), in-

terpreting the results of Fig. 4.7 in the context of a rotating disk with a gas fraction and

specific star formation rate that evolve as a function of redshift. In this simple model the
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gas fraction of the disk is defined as in Tacconi et al. (2013):

fgas =
1

1+(tdepsSFR)−1 , (4.4.3)

where the depletion time evolves as tdep(Gyr) = 1.5 × (1+ z)α. From molecular gas ob-

servations of z = 1 – 3 galaxies, Tacconi et al. (2013) measure α =−0.7 to −1.0, however

the analytic models of Davé et al. (2012) predict α =−1.5. Here α =−1.0 is adopted as a

compromise. The cosmic specific star formation rate is assumed to follow the evolution

described in Whitaker et al. (2014), where

sSFR(M?,z) = 10A(M?)(1+ z)B(M?). (4.4.4)

This sSFR relation was derived to fit UV+IR star formation rates of ∼ 39,000 galaxies

in the redshift range 0.5< z< 2.5 (3D-HST survey; Momcheva et al. 2016). Finally, the

Toomre disk stability criterion for a gas disk (Qg; Toomre 1964) can be rewritten in terms

of fgas (see Glazebrook 2013) as

vC

σ0
=

a
fgas(z,M?)Qg

(4.4.5)

where a =
√

2 for a disk of constant rotational velocity. In the left panel of Fig. 4.7 we

overplot the relationship between velocity dispersion and redshift derived for a range of

stellar masses. Following the approach of Turner et al. 2017, the value of QgvC is set

such that the log(M?/M�) = 10.0 track is normalised to fit the median dispersion of the

KROSS sample. For a marginally stable thin gas disk (Qg = 1), this requires a model

rotation velocity of vC = 150 km s−1. By comparison, we measure a median velocity for

the KROSS sample of vC =118± 4 km s−1. We note that the data in Fig. 4.7 do not demand

a model of this exact form, particularly given the large 1σ scatter associated with some

of the samples. However, these simple (observationally motivated) scaling relations do

appear to provide a reasonable description of the data.

While these tracks provide useful guidance, we would typically expect the average

rotation velocity, and not just the gas fraction, to vary as a function of mass. To eliminate

this dependency, in the right panel of Fig. 4.7 we show how vC/σ0 is expected to evolve
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for a galaxy of stellar mass log(M?/M�) = 10.5 and Toomre parameter of Qg = 0.67, 1 or

2. These are the critical values for a thick gas disk, thin gas disk and stellar-plus-gas

disk, respectively (see e.g. Kim & Ostriker 2007). We then plot the median, mean and

distribution of vC/σ0 values for the eight samples, normalising each to the stellar mass of

the models. These correction factors range between 0.7 – 3.0 with a median of 1.1± 0.2,

with the largest applied to the SAMI sample (median log(M?/M�) = 9.3).

The data follow the general trend described by the model, with a decrease from

vC/σ0∼ 6 at z = 0 to vC/σ0∼ 2 at z = 2. This general trend is consistent with the results of

Turner et al. (2017)2. The model predicts that this is due to higher gas fractions in galaxies

at early times. Again we highlight the effect of restricting the KROSS, SAMI and MUSE

samples to “rotationally dominated” galaxies, with open symbols. For KROSS, the me-

dian mass-weighted vC/σ0 increases from 3.9± 0.2 to 6.1± 0.2. This result is consistent

with KMOS3D at z∼ 1, who find vC/σ0 = 5.5 (Wisnioski et al. 2015).

The right panel of Fig. 4.7 appears to suggest a weak trend between Toomre Qg and

redshift. We caution that Qg is a galaxy averaged value, sensitive to systematics, and is

therefore only a crude measure of disk stability. However to explore this potential trend,

in Fig. 4.8 we plot the “best fit” Toomre parameter required to fit the observed median

vC/σ0 for each of the samples, given their respective redshifts and stellar masses. To

calculate error bars we propagate the typical uncertainties associated with measurements

of the dynamics and stellar mass. Within the framework of this model, we find that lower

redshift samples are associated with higher average values of Qg.

This increase in Qg is consistent with recent numerical simulations (Danovich et al.

2015; Lagos et al. 2017) and observational studies (Obreschkow et al. 2015; Burkert et al.

2016; Harrison et al. 2017; Swinbank et al. 2017) which suggest that the specific angular

momentum of galaxy disks ( js) increases with time. An increase in angular momentum

would act to increase the global Q parameter, stabilising disks against fragmentation.

Obreschkow et al. (2015) and Swinbank et al. (2017) suggest this is likely what drives the

morphological transition between clumpy, irregular disks at high redshift, and the bulge-

dominated galaxies with thin spiral disks we see today. Obreschkow et al. (2015) propose

2We note that for the GHASP sample, Turner et al. (2017) use the results from Epinat et al. (2008),
whereas we use the results presented in Epinat et al. (2010).
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Figure 4.8: Inferred Toomre Q versus redshift for KROSS and comparison samples. As-
suming a simple disk instability model (see §4.4.4 and Eq. 4.4.3–4.4.5), we calculate the
Toomre Q parameter required to fit the average vC/σ0 observed for KROSS and various
comparison samples, given their respective redshifts and stellar masses. Error bars reflect
typical uncertainties associated with measurements of the stellar mass and dynamics. The
lines overplotted at Qg = 0.67, 1 and 2 represent the critical values for a thick gas disk, thin
gas disk and stellar-plus-gas disk, respectively. We find that higher redshift samples are
best fit by lower values of Q, which would suggest that these galaxies are more unstable
disks.
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that Q ∝ (1− fg) jsσ0. Hence if the gas fraction decreases by a factor of four between

z∼ 2 and z∼ 0 (e.g. Tacconi et al. 2010; Saintonge et al. 2013; Genzel et al. 2015), and

the dispersion by a factor of two (Fig. 4.7), then a factor of ∼ 2.6 increase in specific

angular momentum would achieve the increase in disk stability suggested by Fig. 4.8.

The “toy model” described in this section is a useful tool, allowing us to interpret the

evolution of galaxy dynamics in terms of gas fraction and disk instability. However it

provides little information about the physical mechanisms involved. For a deeper under-

standing we must combine our observations with theoretical predictions.

4.5 The Origin of Disk Turbulence: Star Formation

Feedback versus Gravitational Instability

Although the simple framework in §4.4.4 provides an adequate description of the data,

other – more detailed – physical models have been proposed to explain the origin of these

high turbulent motions. Turbulence in the interstellar medium (ISM) decays strongly

within the disk crossing time (∼ 15 Myr; Mac Low et al. 1998; Mac Low 1999; Stone

et al. 1998), so a source of energy is clearly required to maintain disorder in the system.

What this might be is the subject of active discussion, however a large and well-selected

sample such as KROSS may be able to provide useful constraints. In this section we con-

sider whether our data can be used to distinguish between two potential disk turbulence

mechanisms.

One model is that the high level of turbulence is driven by stellar feedback. Su-

pernovae and winds inject energy into the ISM, and several authors have identified a

correlation between velocity dispersion and star formation rate, either on global or spa-

tially resolved scales (e.g. Lehnert et al. 2009; 2013; Green et al. 2010; 2014; Le Tiran

et al. 2011; but see Genzel et al. 2011). However simulations including only stellar feed-

back struggle to reproduce these large observed dispersions (Joung et al. 2009; Shetty &

Ostriker 2012; Kim et al. 2013; 2014) without high rates of momentum injection (e.g.

Hopkins et al. 2011; 2014).

An alternative framework is a clumpy, gas-rich disk fed by rapid accretion from the

intergalactic medium (IGM). While accretion of material onto the disk appears in itself
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insufficient to drive large velocity dispersions (e.g. Elmegreen & Burkert 2010; Hopkins

et al. 2013, though see Klessen & Hennebelle 2010), simulations suggest that gravitational

instabilities may induce high levels of turbulence (e.g. Aumer et al. 2010; Bournaud et al.

2010; 2014; Ceverino et al. 2010; Goldbaum et al. 2015; 2016) which can be sustained

by the accretion of mass through the disk. As mass is transported inwards, the dispersion,

and hence Q, is increased. Decay of this turbulence then acts to reduce Q, and eventually

the disk saturates at a state of marginal stability. Several authors have considered whether

gravitational interactions between clumps (formed via fragmentation of the disk) may also

help to generate turbulence (Dekel et al. 2009; Aumer et al. 2010).

Krumholz & Burkhart (2016) noted that while the origins of disk turbulence have

been explored in detail from a theoretical point of view, there had previously been few

direct observational tests. To address this, the authors formulated two simple models –

describing gravity-driven turbulence and feedback-driven turbulence – which could be

used to make observational predictions. We outline each of these below.

4.5.1 Gravity-Driven Model

For a model in which turbulence is driven by gravitational instabilities in the gas,

Krumholz & Burkhart (2016) adopt expressions for gas surface density (Σ) and veloc-

ity dispersion (σ) derived for the “steady state configuration” described in Krumholz &

Dekel (2010). Within this framework the gas surface density depends on the total Toomre

Q parameter (as opposed to that of the gas or stars alone; i.e. Qg or Q?), since the turbu-

lence is driven by a global instability of the disk. The Wang & Silk (1994) approximation

is adopted such that Q−1 = Q−1
g + Q−1

? and

Q≈ avCσ fg

πGrΣ
, (4.5.6)

with a =
√

2. Here vC is the rotational velocity measured at a radius of r, σ is the velocity

dispersion and Σ is the gas surface density. It is expected that the disk self-regulates at

Q≈ 1. Star formation is then added to the model assuming a so-called “Toomre regime”

(Krumholz et al. 2012), in which the “entire ISM is a single star-forming structure”. This

is a key distinction between this model and the feedback-driven model discussed below.
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Together, these assumptions lead to a star formation rate which depends on the velocity

dispersion as

SFR =
16
π

√
φP

3

(
εffv2

C
G

ln
r1

r0

)
f 2
g σ, (4.5.7)

where εff is the star formation rate per freefall time, fg the gas fraction, φP a constant to

account for the presence of stars, and ln(r1/r0) relates to the radial extent of the disk.

4.5.2 Feedback-Driven Model

One way for analytic models to achieve large velocity dispersions via stellar feedback

is to assume that the star formation efficiency within giant molecular clouds (GMCs) is

closely coupled to the Toomre parameter of the gas disk (Qg). Activity on the scale of

GMCs is driven by self-gravity of the gas clouds and hence feedback-driven models do

not require a global Q≈ 1 provided Qg≈ 1. The expression for the gas Toomre parameter

is similar to Eq. 4.5.6,

Qg ≈
avCσ

πGrΣ
. (4.5.8)

In their model Krumholz & Burkhart (2016) adopt the star-forming relation of Faucher-

Giguère et al. (2013), which balances the momentum per unit mass (p?/m?) injected by

feedback against the gas surface density squared. This results in a relationship between

star formation rate and velocity dispersion of

SFR =
8
√

2φv2
C

πGQgF

(
ln

r1

r0

)(
p?
m?

)−1

σ
2, (4.5.9)

where φ and F are constants associated with various model uncertainties. There are two

key differences between this and the gravity-driven model. Firstly, since stellar feedback

depends on the amount of gas unstable to gravitational collapse, we assume Qg≈ 1 and

not Q≈ 1. As a consequence, Eq. 4.5.9 does not depend on fg. Secondly, the star forma-

tion rate is more strongly dependent on the velocity dispersion than for a gravity-driven

model. For turbulence to balance gravity in the ISM the star formation rate density must

be proportional to the gas surface density squared. Since Σ ∝ σ for constant Qg, we there-

fore obtain SFR ∝ σ2, as opposed to SFR ∝ σ for the gravity-driven model (Eq.4.5.7).
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4.5.3 Comparison of Models to Observations

KROSS offers a large and representative sample of ∼ 500 star-forming galaxies, with ve-

locity dispersions measured and corrected for beam smearing in a consistent way. This is

an ideal opportunity to test predictions of the aforementioned analytic models. Krumholz

& Burkhart (2016) compared observational data to their models of feedback-driven and

gravity-driven turbulence. However, while this data covers many orders of magnitude in

star formation rate, it consists of samples of differing selection criteria, redshift and data

quality.

4.5.3.1 Model Tracks

In Fig. 4.9 we plot velocity dispersion against star formation rate for KROSS and

overlay the models of Krumholz & Burkhart (2016)3. In the top left panel we plot

trends for a feedback-driven model, adopting the median rotation velocity of the sam-

ple (∼ 120 km s−1) and Toomre Qg = 0.5, 1.0 and 2.5. These tracks show only a moderate

increase in velocity dispersion with star formation rate, which is consistent with our data.

For KROSS, galaxies in the lower quartile of star formation rate have a median dispersion

of 42± 2 km s−1 and those in the upper quartile a median of 45± 2 km s−1. The disper-

sion predicted by the model is much more sensitive to rotation velocity than Qg. The

shaded region around the Qg = 1.0 track shows the effect of adjusting the rotation veloc-

ity of the model by 20 km s−1, with larger values of vC corresponding to smaller values

of σ0. The 68th percentile range for our sample is 44 – 204 km s−1, so it is possible that

datapoints are consistent with a narrow range of Qg if this effect dominates the scatter.

In the top right panel of Fig. 4.9 we show trends for a gravity-driven model, with

the same rotation velocity and gas fractions of fg = 0.2, 0.5 and 1.0. These models pre-

dict a sharp increase in velocity dispersion with star formation rate, however this is not

something seen in the data – we measure σ0≥ 100 km s−1 for only a handful of KROSS

galaxies. The expected velocity dispersion is very sensitive to the input rotation velocity

and gas fraction. Despite our data being predominately low dispersion, this model may

still be valid if the galaxies have a wide range in these other properties.

3We adopt the same fiducial values of εff = 0.01, φP = 3, r1 = 10, r0 = 0.1, φ = 1, F = 2 and p?/m? = 3000
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Figure 4.9: Properties of KROSS galaxies compared to predictions of the analytic mod-
els discussed in §4.5. Points are coloured by the technique used to measure the velocity
dispersion, σ0. Large black symbols show the median dispersion (and standard deviation)
in bins of star formation rate. Top Left: Predictions of a model in which turbulence is
driven by star formation feedback (see §4.5.2, Eq. 4.5.9) assuming the median rotation
velocity of the sample (vC≈ 120 km s−1) and a gas Toomre parameter of Qg = 0.5, 1.0,
2.0. The shaded region shows the impact of increasing/decreasing the rotation velocity
by 20 km s−1; the 68th percentile range of our data is vC = 44 – 204 km s−1 so we would
expect a large amount of scatter even if only one value of Qg was valid. Top Right: Pre-
dictions of a model in which turbulence is driven by gravitational instabilities (see §4.5.1,
Eq. 4.5.7), assuming the median vC and gas fractions of fg = 0.25, 0.5, 1.0. This model
results in a much steeper increase in σ0 as a function of star formation rate. We measure
σ0≥ 100 km s−1 for only a handful of KROSS galaxies, and do not observe a strong trend
with star formation rate. However this model could still be valid if the galaxies have a
wide range of rotation velocities and/or gas fractions. Bottom: To eliminate dependency
on the rotation velocity, we also plot log(v2

Cσ2
0) and log(vCσ2

0) as a function of star forma-
tion rate for the feedback- and gravity-driven model, respectively. Both models provide
an adequate description of the data, however there is a large amount of residual scatter.
This could be due to measurement uncertainties, an intrinsic variation of Qg and fg, or
(most likely) a combination of these two factors.
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To eliminate this dependency on rotation velocity, in the lower panels of Fig. 4.9 we

plot log(v2
Cσ2

0) and log(vCσ2
0) as a function of star formation rate for the feedback- and

gravity-driven model, respectively. The median properties of the KROSS sample follow

trends similar to those predicted by the models. Each provides an adequate description

of the data, however there is a large amount of residual scatter. This could be due to

measurement uncertainties, an intrinsic variation of Qg and fg, or a combination thereof.

We note that low dispersion galaxies (σ0≤ 20 kms−1, scattered below the model

trends) tend to be smaller compared to the seeing, and as such have larger beam smearing

corrections (see §4.3.6). This sample has a median of Rd/RPSF = 0.35± 0.08, as opposed

to Rd/RPSF = 0.61± 0.02 for all KROSS galaxies. In this situation it is more difficult to

recover the intrinsic velocity dispersion. Galaxies that lie above the model trends tend to

be those where the dispersion comes from the median of all available pixels. As discussed

in §4.3.5, these measurements are associated with larger uncertainties.

4.5.3.2 Best-Fit Model Toomre Q and Gas Fractions

Directly comparing the observed velocity dispersions to those predicted by the analytical

models is a poor test of gravity-driven versus feedback-driven turbulence. Offsets for the

feedback-driven model tend to be smaller than for the gravity-driven model, since the lat-

ter has a much steeper relationship between star formation rate and velocity dispersion.

An alternative approach is to calculate the Toomre parameter and gas fraction required

for each galaxy to be fit by the models. These are properties which we can also estimate

directly from the observations, independent of any turbulence model, with a few sim-

ple assumptions. By comparing these two sets of parameters, we can test which model

provides a better fit to the data.

In Fig. 4.10 we compare the distribution of Toomre Qg values inferred from the

feedback-driven turbulence model (rearranging Eq. 4.5.9) to those estimated using

Eq. 4.5.8. To estimate the gas surface density we calculate the star formation rate

surface density and then invert the Kennicutt-Schmidt relation, ΣSFR = AΣn
gas, where

A = 1.5× 10−4 M�yr−1pc−2 and n = 1.4 (Kennicutt 1998b; for a Chabrier IMF). We find

a median of Qg,med = 1.6± 0.2 for the model and Qg,med = 1.01± 0.06 for the empirically

derived values (close to the Qg∼ 1 expected for a marginally unstable disk). The model
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distribution is noticeably broader, with a 68th percentile range of 7.0 as opposed to 2.1

for the empirically derived values.

In Fig. 4.10 we also compare gas fractions inferred from the gravity-driven turbulence

model (rearranging Eq.4.5.7) to those calculated using the inverse Kennicutt-Schmidt re-

lation. We estimate the gas mass within twice the half-light radius, and then express

this as a fraction of the total baryonic mass fg = Mg/(Mg + M?). We find a median of

fg,med = 0.52± 0.02 for the model and fg,med = 0.45± 0.01 for the empirically derived val-

ues. In comparison, the relations described in §4.4.4 predict an average gas fraction of

fg = 0.41± 0.02. The model distribution is again the broadest, with a 68th percentile range

of 0.95 compared to 0.44 for the observations, and this additional scatter results in unphys-

ical values of fg > 1 for ∼ 25% of galaxies.

Both models appear to be consistent with the data and, as such, we are unable to defini-

tively rule out either turbulence mechanism. Firstly, the medians of the distributions for

model and empirically derived quantities are very similar. For the gravity-driven model,

increasing the star formation rate per freefall time from εff = 0.01 to 0.013 in Eq. 4.5.7

would eliminate the offset completely (note Federrath 2013; 2015 suggest values between

εff = 0.01–0.02). For the feedback-driven model this could be achieved by adjusting F = 2

to F = 3 in Eq. 4.5.9. This dimensionless normalisation parameter ensures that the model

fits observations of the relationship between gas surface density and star formation rate

surface density (Fig. 4 of Faucher-Giguère et al. 2013). Such an increase would be incon-

sequential in this regard.

Secondly, although the distributions of the best-fit model parameters are much broader

and include unphysical or implausible values (e.g. fg > 1 or Qg > 100), this is likely due

to measurement uncertainties. Estimates of the Toomre Qg parameter for the model have

a stronger dependence on rotation velocity and velocity dispersion than the observational

estimates. Similarly, best-fit model gas fractions depend on vC and σ but the observational

estimates do not. These dynamical parameters are the largest source of uncertainty and as

such, fractional errors associated with model Qg and fg values are approximately twice as

large as for the empirically derived values.

Direct observation of the molecular gas component would help to provide further

constraints. If turbulence in the ISM is gravity-driven, we would expect the velocity dis-
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persion to be strongly dependent on the gas fraction (σ ∝ 1/ f 2
g ). However in a feedback-

driven scenario, the two properties should not be related. Alternatively, both mechanisms

may contribute. Krumholz et al. (2017) predict a transition from mostly gravity-driven

turbulence at high redshift, to feedback-driven turbulence at low redshift. They argue that

this evolution would explain why bulges form at high redshift and disks form at lower

redshift. Galaxies at z∼ 0.9 (of a similar mass to the KROSS sample) would be expected

to have a ratio between star formation-supported dispersion (σSF) and total gas velocity

dispersion (σg) of σSF/σg∼ 0.3 – 0.4. In this context, it would be unsurprising that we are

unable to rule out either model.

4.6 Conclusions

In this work we have analysed the velocity dispersion properties of 472 Hα-detected star-

forming galaxies observed as part of KROSS (Stott et al. 2016; Harrison et al. 2017).

KROSS is the largest near-infrared IFU survey of z∼ 1 galaxies to date, and consists of

a mass- and colour-selected sample which is typical of the star-forming “main sequence”

at this redshift. Our key results are as follows:

• Galaxies at this epoch are highly turbulent with large intrinsic velocity disper-

sions. We measure a median dispersion of σ0 = 43.2± 0.8 km s−1 and rotational

velocity to dispersion ratio of vC/σ0 = 2.6± 0.1 for galaxies with stellar masses

of log(M?/M�) = 8.7 – 11.0. Although dynamically hotter than their local coun-

terparts, the majority of our sample are rotationally dominated (83± 5 %). We

observe a strong increase in vC/σ0 with increasing stellar mass: evidence of “kine-

matic downsizing”.

• We combine KROSS with data from SAMI (z∼ 0.05; Croom et al. 2012) and an

intermediate redshift MUSE survey (z∼ 0.5; Swinbank et al. 2017) to explore the

relationship between intrinsic velocity dispersion, stellar mass and star formation

rate. At a given redshift we see, at most, a ∼ 15 km s−1 increase in dispersion for a

factor ∼ 100 increase in stellar mass.

• All three samples (SAMI, MUSE and KROSS) are consistent with a weak increase
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in velocity dispersion with increasing star formation rate. We see an increase of

20 – 25 km s−1 across three orders of magnitude in star formation rate. This trend

appears to be independent of redshift.

• At a given redshift the average velocity dispersion is consistent across several orders

of magnitude in specific star formation rate. Normalising for the effects of star

formation rate and stellar mass, we see a ∼ 50% increase in velocity dispersion

between z∼ 0 and z∼ 0.9.

• To understand the dynamics of KROSS in a wider evolutionary context, we consider

five additional samples between 0< z< 2.5. We find an increase in the average

velocity dispersion with redshift, from σ0∼ 25 km s−1 at z = 0 to σ0∼ 50 km s−1 at

z = 2. After normalising for the effects of stellar mass, we also find a decrease in

the average vC/σ0 ratio for a log(M?/M�) = 10.5 galaxy, from vC/σ0∼ 6 at z = 0 to

vC/σ0∼ 2 at z = 2.

• We show that the observed evolution in galaxy dynamics can be reasonably well

described by a simple “toy model”, in which galaxies are asummed to be thin disks

of constant rotational velocity with higher gas fractions at early times. To provide

the best possible fit to the data, this model would require lower redshift samples to

be associated with higher average values of Toomre Qg (a more stable gas disk).

• Finally, we test the predictions of two different analytical models – one which as-

sumes turbulence is driven by stellar feedback and another which assumes it is

driven by gravitational instabilities. Each predicts a different relationship between

star formation rate and velocity dispersion, with tracks parameterised by Toomre

Qg or gas fraction, respectively. We find that both models provide an adequate de-

scription of the data, with best-fit parameters close to what we derive independently

from the observations, using a different set of assumptions. Direct measurement of

the gas fraction, fg, would help to provide further constraints.
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4.7 KROSS Catalogue

With Harrison et al. (2017) we released a catalogue of all 586 Hα detected galaxies in the

KROSS sample. This is available online at http://astro.dur.ac.uk/KROSS.

With the release of Johnson et al. (2017) on the arXiv, we have updated this catalogue

to include all velocity dispersion measurements and related quantities. Examples of this

additional data are provided in Table 4.1.

http://astro.dur.ac.uk/KROSS
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CHAPTER 5

The KMOS Redshift One Spectroscopic
Survey (KROSS): The Relationship

Between Galaxy Dynamics and Optical
Morphology

Preamble
In Chapter 4 we introduced the KMOS Redshift One Spectroscopic Survey (KROSS;

Stott et al. 2016). With 795 targets observed, this is a rich dataset with which to study the

ionised gas kinematics of typical z∼ 0.9 star-forming galaxies (Tiley et al. 2016; Harrison

et al. 2017). One aspect we have not yet explored in detail is how galaxy dynamics may

relate to optical morphology. In this chapter we present a preliminary analysis, combining

the dynamical measurements of Chapter 4 with deep HST imaging of 231 galaxies.

5.1 Introduction

The rest-frame UV/optical morphologies of many high redshift star-forming galaxies are

disordered and irregular, dominated by luminous ∼ kpc scale clumps (e.g. Elmegreen

et al. 2009; Förster Schreiber et al. 2011; Guo et al. 2015; Shibuya et al. 2016). It is

only at z∼ 1.5 that spirals and ellipticals outnumber peculiar galaxies (e.g. Conselice

et al. 2011; Buitrago et al. 2013; Mortlock et al. 2013) and the Hubble sequence begins

to take form. Understanding what drives this transition is essential for theories of galaxy

formation and evolution.

A key theoretical expectation of ΛCDM is that the specific angular momentum of dark

matter halos, and hence galaxy disks, increases over time. This is supported by a number
138
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of recent hydrodynamical simulations (e.g. Danovich et al. 2015; Lagos et al. 2017) and

observational studies (e.g. Obreschkow et al. 2015; Burkert et al. 2016; Harrison et al.

2017; Swinbank et al. 2017). A consensus is now beginning to emerge that this kinematic

evolution is what drives such a dramatic morphological change. Obreschkow et al. (2015)

propose a simple model in which the global instability of a disk is related to its specific

angular momentum ( js), stellar mass (Ms), velocity dispersion (σ0) and gas fraction ( fg)

as Q ∝ M−1
s (1− fg) jsσ0. This suggests that while large amounts of cold gas are required

to fuel the intense bursts of star formation at high redshift (e.g. Daddi et al. 2010; Tacconi

et al. 2010; 2013), it is low angular momentum which acts to destabilise the disk and

provide the trigger.

If angular momentum and Toomre Q increase together over time, this would explain

important differences between low and high redshift galaxies. At z∼ 0, star-forming

galaxies are settled into thin, rotationally supported disks of Q∼ 2 (Westfall et al. 2014).

In these galaxies, star formation is a local process, and gravitational instabilities within

spiral arms result in giant molecular clouds (GMCs) of typically 105 – 106 M� (e.g. Lar-

son 1981; Elmegreen 1989). This is in sharp contrast to high redshift, where global

instabilities cause the disk to fragment into giant star-forming clumps of 108 – 109 M�

(e.g. Elmegreen et al. 2007; Guo et al. 2012). Galaxies subsequently self-regulate close

to Q∼ 1 (e.g. Wisnioski et al. 2015; Swinbank et al. 2017, Chapter 4).

In recent years, significant progress has been made in understanding how the mor-

phology of distant galaxies relates to their colours, masses, and star formation rates (e.g.

see Conselice 2014 for review). Much work has also been done to establish the properties

of star-forming clumps (e.g. Förster Schreiber et al. 2011; Genzel et al. 2011; Livermore

et al. 2012; 2015; Swinbank et al. 2012a; Wuyts et al. 2012). Depending on the effective-

ness of feedback prescriptions, numerical simulations disagree as to whether the clumps

eventually migrate inwards, coalescing to form a bulge (e.g. Ceverino et al. 2010; Bour-

naud et al. 2014; Mandelker et al. 2017), or are quickly torn apart by tidal stripping and

intense outflows (e.g. Hopkins et al. 2012; Zolotov et al. 2015; Oklopčić et al. 2017).

What is increasingly clear is that morphology and galaxy dynamics are closely linked.

In Chapter 4 we introduced KROSS – a survey of 795 z∼ 0.9 star-forming galaxies ob-

served using the KMOS spectrograph (Stott et al. 2016; Harrison et al. 2017). Approxi-
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mately one-third of this sample have both spatially-resolved Hα kinematics and Hubble

Space Telescope (HST) imaging. However we have not yet explored in any detail how

the two relate. Our aim in this work is therefore to address this, exploring how optical

morphology varies with the kinematic properties derived in Chapter 4.

5.2 Analysis

So far, we have primarily used the broad-band imaging of KROSS galaxies to aid our

kinematic analysis (Harrison et al. 2017, Chapter 4). From optical HST observations and

ground-based near infrared images, we measured the half-light radius (R1/2), inclination

(θ) and position angle (PAim) of each galaxy. Applying these values to the Hα dynamical

maps then allowed us to make estimates of rotation velocity (vC) and intrinsic velocity

dispersion (σ0). However, there is the potential to learn much more from these images. In

this chapter we explore the relationship between galaxy dynamics and optical morphol-

ogy, using a subset of KROSS with the highest quality broad-band imaging.

Of 586 Hα-detected galaxies in our sample, 234 have HST imaging. These data come

from four separate surveys: (1) CANDELS (Grogin et al. 2011; Koekemoer et al. 2011);

(2) ACS COSMOS (Leauthaud et al. 2007); (3) GEMS (Rix et al. 2004) and (4) obser-

vations under HST proposal ID 9075 (Amanullah et al. 2010). Of these images, 36%

are WFC3 H-band observations (FWHM≈ 0.2 arcsec), 57% are ACS I-band and 7% are

ACS z-band (each FWHM≈ 0.1 arcsec). All but three galaxies are classified as “quality

1” (spatially resolved, with θ and R1/2 measured directly from the imaging; see Harrison

et al. 2017), and it is this sample that we take forward for further analysis. A complete set

of 231 HST thumbnails is provided in Appendix A.

5.2.1 Visual Inspection

We begin our analysis with a simple visual assessment, ordering the thumbnails of galax-

ies as a function of their various dynamical properties. The first parameter we consider

is the intrinsic velocity dispersion, σ0, which we studied in detail in Chapter 4. This

measures turbulence within the ISM, and as such, we may naı̈vely expect high disper-

sion galaxies to appear more disordered. In Fig. 5.1 we show a selection of HST images

for KROSS galaxies of a similar stellar mass (9.7< log(M?/M�)< 10.1), ranked by in-
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creasing velocity dispersion. We observe a variety of morphologies at both high and low

dispersion (with evidence of extended disks, spiral arms and clumps), however more com-

pact galaxies appear to be associated with larger values of σ0. One possibility is that these

galaxies have unresolved rotation which, as a result of beam smearing (see Chapter 3),

manifests as a higher dispersion (e.g. Newman et al. 2013). Another is that there is a

single, bright region within a “clump cluster” galaxy that dominates the emission.

Compact star-forming galaxies may also be associated with quenching. Recent studies

have suggested that a fraction of z> 1 star-forming galaxies undergo a process of “fast

compaction”, leading to the formation of massive, gas-rich bulges (e.g. Barro et al. 2013;

2014a; 2016; Dekel & Burkert 2014; Zolotov et al. 2015; Tadaki et al. 2017). This can

be triggered by mergers or an internal redistribution of angular momentum. The latter is

thought to be particularly effective in high-redshift disk galaxies (e.g. Immeli et al. 2004;

Genzel et al. 2008; Bournaud et al. 2014), where viscous dissipation can drive gas and

stars inwards, forming a dense central core in just a few 100Myr (Dekel et al. 2009). Due

to their high central mass concentration, these “compacted” galaxies would likely have

high (stellar and gas) velocity dispersions (e.g. Barro et al. 2014b; Nelson et al. 2014).

Eventually, star formation would be quenched, as the bulge exhausts the remaining gas

supply or stabilises it against further collapse.

We can also study how morphology relates to vC/σ0, the ratio between rotational ve-

locity and velocity dispersion, and Toomre Qg, which describes how unstable the gas is to

gravitational collapse. As explained in §5.1, we expect high angular momentum, high Q

galaxies to be settled into rotationally supported disks with fewer clumps. In order to con-

trol for trends with stellar mass or galaxy size, we first select an appropriate subsample.

In Fig. 5.2 we show vC/σ0 (left panel) and Qg (right panel) against disk radius for galaxies

within a stellar mass bin of 9.7< log(M?/M�)< 10.1. For a fixed stellar mass and veloc-

ity dispersion, we expect the rotation velocity to vary as v2
C ∝ 1/r and disk stability as

Q ∝ r. We overplot these trends for guidance, normalised to fit the data. Larger galaxies

indeed appear to have higher values of Q and slightly lower vC/σ0. To avoid these biases,

we therefore select a subsample of galaxies within the shaded regions of Fig. 5.2, with

radii of 1.5<Rd < 2.4 kpc.

In Fig. 5.3 we display the HST thumbnails for this subsample, ranked by an increasing
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Figure 5.1: Broad-band HST images for KROSS galaxies of similar stellar mass
(9.7< log(M?/M�)< 10.1), ranked by increasing velocity dispersion (σ0, inset values).
Each thumbnail covers an area of 4× 4 arcsec and we overlay an ellipse at three times
the half-light radius. We differentiate between dispersions measured in the outskirts of
the disk (‘O’) and those calculated from the median of all available pixels (‘M’). There
is no clear trend between σ0 and morphology, however galaxies with very high velocity
dispersions appear to be slightly smaller.
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Figure 5.2: Rotational velocity to velocity dispersion ratio (vC/σ0, left panel) and Toomre
parameter (Qg, right panel) against disk radius (Rd) for KROSS galaxies within a stellar
mass bin of 9.7< log(M?/M�)< 10.1. Again we differentiate between galaxies for which
the dispersion is measured in the outskirts of the disk and those where it is calculated from
the median of all available pixels. Solid black lines show trends expected for a simple disk
model, normalised to fit the data. To explore the relationship between galaxy dynamics
and optical morphology, we must control for these trends with disk radius. Therefore in
Fig. 5.3 and Fig. 5.4 we consider only galaxies within the shaded grey regions.

ratio between rotational velocity and velocity dispersion. For a wide range of vC/σ0 values

there are galaxies which resemble disks, with a prominent bulge and occassionally spiral

features. There are also a number of more irregular, clump-dominated galaxies. We

are unable to identify a clear trend between rotational support and galaxy morphology.

In Fig. 5.4 we arrange the same subsample by increasing Toomre Qg. There is perhaps

an indication that galaxies which are more gravitationally stable are more “disk-like”,

however these differences are subtle. On this basis, we conclude that a more detailed

analysis is required.

5.2.2 Quantifying Irregularities

Visual inspection of the HST thumbnails is a useful starting point, however in the absence

of a strong trend between galaxy dynamics and morphology, a more sophisticated ap-

proach is necessary. As shown in Fig. 5.1,5.3 and 5.4, many of the galaxies in our sample

are highly asymmetric or exhibit large, bright clumps. In the following section we attempt

to quantify these irregularities.
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Figure 5.3: Broad-band HST images for KROSS galaxies of a similar stellar mass
(9.7< log(M?/M�)< 10.1) and size (1.5<Rd < 2.4 kpc), ranked by an increasing ratio
between rotational velocity and velocity dispersion (vC/σ0, inset values). Thumbnails
cover 4× 4 arcsec and we overlay an ellipse at three times the half-light radius. Galaxies
across a wide range of vC/σ0 values exhibit extended disks and/or spiral features. There
is no clear trend between vC/σ0 and how closely each galaxy resembles a settled, well-
organised disk.
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Figure 5.4: Broad-band HST images for KROSS galaxies of a similar stellar mass
(9.7< log(M?/M�)< 10.1) and size (1.5<Rd < 2.4 kpc), ranked by increasing Toomre
parameter (Qg, inset values). Each thumbnail covers 4× 4 arcsec and we overlay an el-
lipse at three times the half-light radius. Galaxies with larger Qg values (i.e. which are
more stable against gravitational collapse) appear to be more “disk like”, and those with
lower Qg more clumpy, however this trend is very subtle.
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One of the most popular non-parametric methods of measuring galaxy structure is

the concentration, asymmetry, clumpiness (CAS) system (e.g. Conselice 2003). This

technique is particularly useful since it does not require any knowledge of the underlying

structure of the galaxy (unlike e.g. Sérsic fitting). It is also effective across a range of

redshifts. Here we adopt a variation of the asymmetry test. This is designed to isolate

the nonsymmetric components of an image, and estimate their contribution to the overall

flux.

First, each thumbnail is masked for neighbouring galaxies and other artefacts, using

the SExtractor (Bertin & Arnouts 1996) segmentation map. We then rotate this image

through 180 degrees and subtract it from the unrotated original. The centre of rotation is

not defined a priori but by an iterative process, applying sub-pixel shifts and recalculating

the residuals until a minimum value is found. We limit this search to within 0.25 arcsec

of the galaxy centre (defined by fitting a two dimensional Gaussian profile; see Chapter

4). To account for any strong residuals in the centre of the galaxy which may still remain,

we mask a small region (an ellipse with semi-major axis of 0.25 arcsec) at the centre of

the image. Examples of this process are shown in Fig. 5.5.

Finally, from the optimised residual map, we calculate the asymmetry parameter A

within three times the half-light radius (3R1/2). This is defined as the sum of the positive

residuals within this area, minus background noise, divided by the total flux of the original

image within the same region; or:

A = min
(

Σ|I0− I180|
Σ|I0|

)
−min

(
Σ|B0−B180|

Σ|B0|

)
(5.2.1)

where I0 is the original image, I180 the rotated, and B0, B180 the same for a background

region of equal area. Values derived for the 231 KROSS HST images have a 16th – 84th

percentile range of A = 0.06 – 0.30 and a median of A = 0.15± 0.01. This means that, on

average, 15% of the image flux originates from nonsymmetric components. For compari-

son, Conselice (2003) analysed R-band images of 240 local galaxies and found an average

of A = 0.07± 0.04 for early type disks (Sa, Sb), 0.15± 0.06 for late type disks (Sc, Sd)

and 0.32± 0.19 for ULIRGs.

To test how well this parameter correlates with our visual interpretation of the images,
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we assign each galaxy a visual classification from 1 to 5, which describes how clumpy

and/or asymmetric it appears. The classifications are as follows: (1) no clumps, smooth

light profile; (2) low surface brightness asymmetric components; (3) faint clumps within

a disk; (4) bright clumps within a disk; (5) galaxy is dominated by clumps. In Fig. 5.6

we plot the median asymmetry parameter A (and bootstrap error) for galaxies of each

visual classification. The two quantities are well correlated, suggesting that although the

asymmetry test is more generalised than the “clumpiness” test (the S in CAS), it is still a

useful a useful proxy for how clumpy a galaxy may appear.

In §5.2.1 we studied whether we could relate the global kinematic properties of galax-

ies to their morphology. From visual inspection alone it was difficult to identify any

clear trends, however we are now able to quantify subtle differences between broad-band

images. In Fig. 5.7 we show the ratio between rotational velocity and velocity disper-

sion, vC/σ0 (top panel), and Toomre Qg (bottom panel), against disk radius, with points

coloured by the asymmetry parameter, A. The most striking result is that larger galaxies

tend to have higher residuals. Galaxies with Rd > 2 kpc have a median of A = 0.19± 0.01,

whereas those with Rd < 2 kpc have a median of A = 0.10± 0.01. This is likely due to

resolution effects. At z∼ 1 a disk radius of 2 kpc corresponds to ∼ 0.25 arcsec, while the

average seeing of our HST observations is 0.1 arcsec in the I and z-band, and 0.2 arcsec in

the H-band (Harrison et al. 2017). It would therefore be very difficult to observe clumps

and asymmetries within the most compact galaxies. For galaxies of a similar disk radius,

however, we find no strong correlation between global disk instability (Qg) or rotational

support (vC/σ0) and asymmetry or “clumpiness”.

5.2.3 Dynamical Properties of Clumps

As the examples in Fig. 5.5 show, rotating an image through 180 degrees and subtract-

ing from the original, provides an effective method of identifying asymmetries. For

many KROSS galaxies, these asymmetries appear to be star-forming clumps. Clumps

are widely considered to be regions of intense star formation formed by gravitational in-

stabilities within the gas disk (e.g. Elmegreen & Elmegreen 2005; Ceverino et al. 2010;

Bournaud et al. 2014). As such, it is interesting to explore how the ionised gas dynamics

in these regions (as traced by Hα emission) may differ from the rest of the galaxy.
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Figure 5.6: We visually inspect 231 HST thumbnails and classify each galaxy on a scale
of 1 (smooth and featureless) through 5 (multiple bright clumps). We also rotate each
thumbnail 180 degrees and subtract this image from the original (Fig. 5.5). The asymme-
try parameter, A, is defined as the fraction of the flux within 3 R1/2 that appears in this
residual image. Here we plot the median value of A (and bootstrap error) for galaxies
of each visual classification. The two quantities are well correlated, suggesting that the
asymmetry parameter is a useful proxy for “clumpiness”. Inset are thumbnails of example
galaxies, one for each of the visual classifications.
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Figure 5.7: Ratio between rotational velocity and velocity dispersion (vC/σ0, top) and
Toomre parameter (Qg, bottom) versus disk radius Rd. Points are coloured by the asym-
metry parameter, A, which measures the fraction of light within the HST image that con-
tributes to nonsymmetric components, e.g. clumps. Galaxies with larger disk radii tend
to have higher residuals. This may be because it is easier to resolve clumps within larger
galaxies, or because the existence of clumps results in larger half-light radius measure-
ments. At a fixed disk radius, there is no obvious trend between irregularities in the
broad-band image and gravitational instability or rotational support.
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Figure 5.8: Histogram of the ratio between the velocity dispersion of each clump (σclump)
and the velocity dispersion of other regions in the galaxy at the same radius (σISM). We
show a Gaussian fit to the distribution in red. To measure σISM we calculate the median
of all pixels within an annulus bound by the minumum and maximum (observed) radii
of the clump. We find no evidence to suggest the velocity dispersion at the position of
star-forming clumps is systematically higher or lower than elsewhere. The median of the
distribution is σclump/σISM = 1.02± 0.02, shown as a dashed vertical line. However there
is a “tail” of larger values and this skew results in a mean of σclump/σISM = 1.15± 0.04.

In order to isolate the regions and study their properties, we follow a simple three step

process. Starting with the residual map, we first mask any negative pixels and those below

a signal-to-noise of three. These cuts remove the inverse image of the galaxy and more

diffuse, low surface brightness components. We next mask pixels within a small region at

the centre of the image (an ellipse with semi-major axis of 0.25 arcsec), to remove resid-

uals due to centering issues. Finally, we group connected pixels together into distinct re-

gions, identifying each as a clump if the total area is between 0.15<Aregion < 0.8 arcsec2.

This is to remove noisy pixels and any larger asymmetries such as spiral arms. In Fig. 5.5

we show examples of the residual features identified by this process.

To begin our analysis, we first match each of the clumps in the HST image to a corre-

sponding region in the KMOS velocity dispersion map. As discussed in Chapter 4, “beam

smearing” artificially inflates the measured dispersion in each pixel, with regions close to

the dynamical centre affected more. Since it is difficult to correct for this on a pixel-by-

pixel basis, we instead calculate the ratio between this median value and the dispersion of
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other pixels with similar radii, σclump/σISM. To measure σISM we calculate the median of

all pixels within an annulus bound by the minimum and maximum (observed) radii of the

clump. Fig. 5.8 shows the distribution of measured σclump/σISM values. On average, the

velocity dispersion at the position of the clump is consistent with that of the underlying

disk, with a median ratio of σclump/σISM 1.02± 0.02. However there is a “tail” of larger

values and this skew results in a mean of σclump/σISM = 1.15± 0.04.

Since clumps form via gravitational instabilities, it is likely that they would be pref-

erentially found towards low shear, outer regions of the galaxy. To test this theory, we

again exploit the KMOS data. In Chapter 4 we described how we used the Hα velocity

maps to derive a model rotation curve for each of the galaxies. At a given distance from

the dynamical centre, Rclump, we can use this model to estimate the local shear due to

rotation, dv/dR. The observed radius at which the clump is located, Robs, is straightfor-

ward to measure. However this distance will appear smaller or larger depending on the

inclination of galaxy and the position of the clump relative to the major kinematic axis.

We must therefore apply a correction as follows:

R2
obs = R2

x,obs +R2
y,obs

= R2
x +R2

y cos2
θ

= R2
x +R2

y−R2
y sin2

θ

= R2
clump−R2

y sin2
θ

= R2
clump−

(
Robs sinφ

cosθ

)2

sin2
θ

∴ R2
clump = R2

obs
(
1+ sin2

φ tan2
θ
)
≡ R2

obs +R2
y,obs tan2

θ (5.2.2)

where Rx,obs, Ry,obs and φ are defined by Fig. 5.9, Rx, Ry are the equivalent intrinsic dis-

tances, and θ is the inclination of the disk. We then estimate the shear within a 1 kpc

region of the rotation curve.

In Fig. 5.10 we plot rotational shear versus clump radius (normalised by Rd) for all

clumps identified within our sample. Due to the shape of the rotation curves, shear is

highest towards the dynamical centre. To test whether clumps preferentially form in low

shear regions, we also calculate dv/dR and R for a set of randomly selected pixels within
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Ry,obs

Rx,obs

R ob
s

�major

kinematic axis

1

Figure 5.9: Schematic of an inclined disk galaxy with an embedded star-forming clump
(blue star). The distance between this clump and the dynamical centre of the galaxy
(Robs) will appear smaller or larger depending on the orientation of the observer (the disk
inclination θ) and the position of the clump relative to the major kinematic axis (φ). We
must therefore apply Eq. 5.2.2 in order to estimate the intrinsic radius.

each HST image. To do so we exclude the very central region of the galaxy, since we

did not search for clumps here, and any pixels below a signal-to-noise ratio of three.

Properties of these regions are shown in Fig. 5.10 as blue contours.

The clumps have a median distance from the dynamical centre of Rclump = 2.4± 0.1 Rd

and a median shear of dv/dR = 7.1± 0.8 km s−1 kpc−1, whereas for the randomly sampled

population we measure R = 5.07± 0.03 Rd and dv/dR = 1.02± 0.03 km s−1 kpc−1. Hence

the clumps are closer to the dynamical centre than would be expected if regions in the HST

image were chosen at random. This may simply imply that clumps are easier to identify

in the bright inner regions of the galaxy (where signal-to-noise is highest). However, if

it is a genuine result then there are two potential explanations. One possibility is that the

gas surface density is much higher towards the centre of the disk, acting to counteract

the increased shear. Another is that the clumps do in fact form at large radii, but migrate

inwards over time (as suggested by e.g. Dekel & Krumholz 2013; Mandelker et al. 2014).

This is something we could test through further observation. If the clumps are static

and short lived, we would expect their properties to be similar to the surrounding ISM.

These regions would appear much like “scaled up” versions of local GMCs. If they in-

stead survive long enough to migrate inwards, their ages and metallicities would be more

evolved (e.g. Förster Schreiber et al. 2011), and their scaling relation between luminosity

and size different to that of local HII regions (e.g. Krumholz & Dekel 2010).
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5.3 Conclusions

In Chapter 4 we introduced the KROSS survey, a study of 795 typical z∼ 0.9 star-forming

galaxies using KMOS. In this chapter we combined the spatially resolved Hα kinemat-

ics of KMOS with deep HST imaging for 231 of our sample, to investigate how galaxy

dynamics may relate to optical morphology. Our main conclusions are as follows:

• The KROSS sample exhibit a wide range of morphologies, from disks with well-

defined bulges and spiral arms, to highly asymmetric, clumpy galaxies. From a

simple visual assessment, we found that high velocity dispersion (σ0) galaxies are

more frequently compact. On a similar basis, we found no strong trends between

vC/σ0 or Toomre Q and morphology, for galaxies of a similar mass and size.

• To quantify irregularities, we calculated the asymmetry parameter, A, for each of

the HST thumbnails. The sample have a median of A = 0.15± 0.01 and a 16th –

84th percentile range of A = 0.06 – 0.30. We found that larger galaxies tend to have

higher asymmetry values, however there are no strong trends as a function of galaxy

kinematics.

• Finally, we isolated individual clumps within the images and crossmatched their

positions with the KMOS data. On average, the velocity dispersion at the po-

sition of clumps is consistent with the underlying disk, with a median ratio of

σclump/σISM = 1.02± 0.02. There is no evidence to suggest that clumps are pref-

erentially located towards the outskirts of the galaxy.

To understand the role of galaxy kinematics in “crystallising” the Hubble sequence, we

propose that high resolution, adaptive optics assisted IFU observations are required. Us-

ing KMOS we successfully mapped the large-scale (5 – 10 kpc) dynamics of hundreds of

galaxies, however our observations are seeing-limited and suffer from beam smearing.

High resolution data (1 – 5 kpc scales) would allow us to identify individual star-forming

regions in Hα emission, and measure their properties (e.g. luminosities, sizes, velocity

dispersions, metallicities) to test clump evolution theories. It would also enable us to

study the radial distribution of angular momentum and test whether this relates to galaxy

morphology (i.e. settling of the disk and the formation of a central bulge).



CHAPTER 6

Conclusions and Future Work

The aim of this thesis has been to explore the many physical processes, both secular

and environmental, which together shape the evolution of star-forming galaxies. We have

done so through the analysis of galaxy kinematics, combining KMOS and FLAMES IFU

observations with far-infrared photometry, millimetre spectroscopy and HST imaging. In

this final chapter we summarise our key results, and discuss a number of ongoing and

future projects. We end by considering what the future holds for observational studies of

galaxy evolution, and identifying the key questions still to be addressed.

6.1 Summary of the Presented Work

6.1.1 Dusty Starburst Galaxies in an Intermediate Redshift Cluster

Star-forming galaxies accreted into a cluster environment are expected to undergo a tran-

sition from spirals to S0s. To achieve this, infalling galaxies must have their gas disks

stripped, star formation quenched, and dynamics transformed from rotationally supported

disks to dispersion dominated spheroids. It is thought that starbursts represent an interme-

diate phase of this transition, and so studying their properties may help us to understand

the physical mechanisms at play.

In Chapter 2 we presented a multi-wavelength analysis of 27 dusty starburst galaxies

in the massive cluster Cl 0024+17 at z = 0.4. We combined Hα dynamical maps from the

VLT/FLAMES multi-IFU system with far-infrared imaging using Herschel/SPIRE and

millimetre spectroscopy from IRAM/NOEMA, to study the kinematics, star formation

rates and gas masses of this sample. Most galaxies are rotationally supported, with a

156
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median rotation velocity to velocity dispersion ratio of v/σ0 = 5± 2 and a specific angular

momentum of λR = 0.83± 0.06. These dynamics are consistent with field spirals of a sim-

ilar mass and redshift. Star formation rates of 3 – 26 M� yr−1 and an average CO-derived

gas mass of ∼ 1× 1010 M� suggest gas depletion timescales of ∼ 1 Gyr (∼ 0.25 of the

cluster crossing time). From the far-infrared photometry, we derived characteristic dust

temperatures (mean Td = 26± 1 K) consistent with local galaxies of similar far-infrared

luminosity, suggesting that the low density gas is yet to be stripped.

Together, our results suggest that these dusty, star-forming galaxies have only recently

been introduced to the cluster. We conclude that for the galaxies to complete the transition

from spirals to S0s, they must undergo a dynamical heating of the disk, increase in con-

centration, and reduce their specific angular momentum by ∼ 40%. The most likely way

to achieve this is via multiple tidal interactions with other cluster members. While this

was a useful pilot program, we now wish to extend our observations to starburst galaxies

in a number of additional clusters, across a range of redshifts. We briefly discuss the first

observations from this extended project in §6.2.1.

6.1.2 Modelling the Effects of Beam Smearing

Seeing-limited IFU observations suffer from a phenomenon known as “beam smearing”.

As observations are convolved with the seeing PSF, information from each spatial pixel

is combined with that of neighbouring regions. This acts to artificially inflate measure-

ments of the velocity dispersion (particularly towards the dynamical centre) and flatten

the observed rotation curve. Since we anticipated that our analysis in Chapter 4 would be

particularly sensitive to these effects, in Chapter 3 we created a series of mock KMOS ob-

servations to model the impact of beam smearing on our dynamical measurements. This

allowed us to constrain the systematics and derive correction factors.

We found that the biases introduced by beam smearing are most effectively param-

eterised by the ratio between the disk radius and half of the seeing FWHM (Rd/RPSF).

The smaller a galaxy is compared to the seeing, the more we underestimate the intrinsic

rotation velocity and overestimate the intrinsic velocity dispersion. Measurements of ro-

tation velocity are much less sensitive to the mass, inclination or dark matter fraction of

the galaxy, and corrections can therefore be universally applied as a function of Rd/RPSF.
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However, the intrinsic velocity dispersion is overestimated far more for high mass, high

inclination galaxies. We therefore split corrections for these measurements into four dif-

ferent “tracks” of observed rotation velocity.

Through this work we have established a simple look-up table of beam smearing cor-

rections which can be used to efficiently make robust estimates of intrinsic velocity dis-

persion and rotation velocity. This is a useful tool. Corrections can be applied not only

to our KROSS observations (Chapter 4; §6.1.3), but also to other IFU samples across a

range of redshifts and seeing conditions.

6.1.3 Turbulence in the ISM of High Redshift Galaxies

Observations of distant galaxies have revealed a population quite unlike that found in

the local Universe. The average star formation rate at z∼ 1 – 3 is an order of magnitude

higher than today, and galaxies have high molecular gas fractions and clumpy, irregular

morphologies. Studying the ionised gas kinematics of these galaxies provides valuable

insight as to why this may be so. In Chapter 4 we analysed the velocity dispersion prop-

erties of 472 star-forming galaxies observed as part of the KROSS survey. The majority

of this sample are rotationally dominated (83± 5% with vC/σ0 > 1) but also dynamically

hot and highly turbulent. After correcting for beam smearing effects, the median intrinsic

velocity dispersion for the final sample is σ0 = 43.2± 0.8 km s−1 with a rotational velocity

to dispersion ratio of vC/σ0 = 2.6± 0.1.

To explore the relationship between velocity dispersion, stellar mass, star formation

rate and redshift we combined KROSS with data from the SAMI survey (z∼ 0.05) and

an intermediate redshift MUSE sample (z∼ 0.5). While we find a weak trend between

velocity dispersion and stellar mass, at fixed mass there is a strong increase in velocity

dispersion with redshift. At all redshifts, galaxies appear to follow the same weak trend

of increasing velocity dispersion with star formation rate. Results for these three samples

are consistent with an evolution of galaxy dynamics driven by disks that are more gas

rich, and increasingly gravitationally unstable, as a function of increasing redshift.

We also used KROSS sample to test two analytic models, which predict turbulence in

the ISM (as measured by the velocity dispersion) is driven either by gravitational instabil-

ity in the disk, or stellar feedback. We found that both prescriptions provide an adequate
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description of the data, and we were unable to rule out either model. Direct measurements

of the gas fraction of the galaxies, or more precise dynamical measurements, would help

to provide further constraints.

6.1.4 Galaxy Dynamics and Optical Morphology

Finally, in Chapter 5 we investigated how the galaxy dynamics derived for the KROSS

sample in Chapter 4 may relate to optical morphology. To explore the idea that an increase

in angular momentum and disk stability (Toomre Q) is what drives the morphological

evolution from clumpy, irregular galaxies at high redshift, to thin disks at low redshift, we

studied the HST images of 231 KROSS galaxies.

Our KROSS sample exhibit a wide range of morphologies, from bulge-dominated

disks with spiral arms, to highly asymmetric and clumpy. We quantified these differences

using the asymmetry parameter, A. This metric correlates very well with our visual inter-

pretation of “clumpiness”, however there are no strong trends as a function of galaxy kine-

matics. We also studied the properties of individual clumps, crossmatching their positions

with the KMOS dynamical maps. On average, the velocity dispersion of these clumps is

consistent with the underlying disk, with a median ratio of σclump/σISM = 1.02± 0.02. We

found no evidence to suggest that these star-forming regions are preferentially located

towards the outskirts of the galaxy.

To investigate this issue further, we propose that adaptive optics assisted IFU obser-

vations would be beneficial. High resolution observations would allow us to identify

individual star-forming clumps in Hα emission, and measure their properties (e.g. sizes,

luminosities, dynamics and metallicities). This would allow us to test whether the clumps

are short-lived, or survive long enough to migrate inwards, eventually forming the bulge

of the galaxy.

6.2 Ongoing and Future Work

6.2.1 Cluster Starbursts

Following the successful pilot study of cluster starbursts in Cl 0024+17 (Chapter 2;

§6.1.1), we were awarded time (PI: Johnson) to observe an additional two clusters
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(0.19< z < 0.25) with FLAMES and three (0.58< z < 0.84) with KMOS. This extends

our original sample of 28 to a total of ∼ 100 galaxies. Observations were taken between

April 2015 and August 2016, and are summarised in Table 6.1. We targeted spectroscop-

ically confirmed 24 µm-bright galaxies, which are also detected in Hα or [OII] emission,

to isolate a population of obscured cluster starbursts. Any “spare” IFUs were then placed

on Hα-bright (24 µm faint) cluster members, in order to create a control sample of more

typical star-forming galaxies in the same environment.

Table 6.1: Observations of additional clusters

Cluster Semester Redshift Instrument Time (hr)

Abell 68 P97 0.22 FLAMES 1.0
Abell 2485 P97 0.25 FLAMES 3.0
MS2053-04 P95 0.58 KMOS 2.0
MS1054-03 P95 0.82 KMOS 2.0
RXJ0152-13 P95 0.84 KMOS 2.0

Dividing this sample into bins of stellar mass, luminosity, redshift and environment,

will help us to understand the physical processes which transform blue, star-forming spi-

rals – through an obscured starburst – into passive S0 galaxies. We will use the Hα

velocity fields to study the fraction of disks as a function of cluster-centric radius, and

to identify asymmetries which may be associated with galaxy-galaxy interactions (e.g.

Mihos & Bothun 1998; Colina et al. 2005). We will also derive the spin parameter, λR for

each of the galaxies. The cluster starbursts in Cl 0024 have high specific angular momen-

tum (comparable to field spirals of a similar mass; Fig. 2.12) – is this true of all galaxies

in our sample, or are the galaxies in Cl 0024 atypical because of the apparently strong

merger state of the cluster? Finally, we will use the spatially-resolved [NII]/Hα emission

line ratios to measure abundance gradients. Positive gradients may suggest that metal-rich

gas has been redistributed following an interaction-induced central starburst (e.g. Kewley

et al. 2010; Rupke et al. 2010; Rich et al. 2012). These diagnostics can then be com-

pared to field spirals at the same redshift. Differences between the two populations may

highlight which physical mechanisms (e.g. ram pressure stripping, strangulation, tidal

interactions) are most effective in transforming spirals to S0s.
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6.2.2 The Peak of Cosmic Star Formation

The redshift range 1< z < 3 was a crucial period during which today’s massive galaxies

formed the bulk of their stars. An important observational challenge is to understand how

and why the cosmic star formation rate was so much higher at this epoch. Our KMOS

guaranteed-time programme, KROSS (Chapters 4 and 5), has been highly successful in

establishing the star-formation properties and global kinematics of galaxies at z∼ 1. How-

ever there are still many questions which remain unanswered. In this section we identify

a number of areas for future study.

6.2.2.1 Further KMOS Observations

One project already underway is the KMOS Galaxy Evolution Survey (KGES), a Guaran-

teed Time programme to study the ionised gas kinematics of typical star-forming galaxies

at z∼ 1.5. Our aim is to build a statistically significant sample which can then be com-

pared to KROSS. We will again target the Hα emission of galaxies in the COSMOS,

UDS, ECDFS and SA22 fields. So far 171 galaxies have been observed, of which 162 are

detected (Tiley et al. in prep). Observations are due to be completed at the end of 2017,

when it is hoped that the combined KROSS+KGES sample will total ∼ 1100 galaxies.

Applying the same analysis techniques to both samples will allow us to identify key

differences between the two populations, and investigate what drives the emergence of the

Hubble sequence. For example, we will test whether the more disordered morphologies

at z∼ 1.5 correlate with lower specific angular momentum and lower Toomre Q. We will

measure metallicity gradients to test competing theories of “outside-in” versus “inside-

out” disk growth (e.g. Stott et al. 2014 and references within). We can also continue to

study the evolution of turbulence in the ISM, and how this relates to global properties

such as stellar mass and star formation rate. As with our z∼ 1 sample, the possibilities

are many and varied.

6.2.2.2 AO-Assisted IFU Observations

As discussed in Chapters 3 and 5, a key limitation of the KROSS survey is that our obser-

vations are seeing-limited. We are able to resolve star formation and galaxy dynamics on
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5-10 kpc scales, however to study regions smaller than this (e.g. individual star-forming

clumps) requires adaptive optics. To address this, we are currently undertaking a study

of ∼ 30 star-forming galaxies between 0.8< z< 3.5, using SINFONI (Spectrograph for

INtegral Field Observations in the Near Infrared) and NIFS (Near-Infrared Integral Field

Spectrometer) on the VLT and Gemini-North, respectively. We hope to follow this with a

SINFONI study of ∼ 50 KGES galaxies (proposal submitted, PI: Swinbank).

These high resolution IFU observations will allow us to study the radial distribution

of angular momentum and spatial variation of the Toomre Q parameter. We can then

correlate these properties with galaxy morphology, local star formation density and the

number and distribution of star-forming clumps. We will test clump evolution theories

(see Chapter 5), and whether it is the redistribution of specific angular momentum that

leads to bulge formation and the stabilisation of the disk.

6.2.2.3 ALMA Observations

To explain the ubiquity of gas-rich, turbulent disks at high redshift, numerical simulations

suggest that galaxies are continuously fed by cold, clumpy streams of gas from the in-

tergalactic medium. Understanding how this process shapes the formation and evolution

of galaxies is essential. Using ALMA, we intend to study the interaction between star

formation and gas dynamics in a small sample of z∼ 1.5 KGES galaxies (proposal sub-

mitted, PI: Gillman). We will combine our KMOS measurements of the Hα dynamics

with spatially resolved CO(2-1) and CO(5-4) observations on the same scale.

Using this data, we will compare the spatial extent of the cold molecular gas to that

of the star-forming gas (as traced by Hα emission), and study the fraction of gas in the

cold versus warm phase (using the CO(2-1)/CO(5-4) emission line ratio). Observations

of high redshift starbursts suggest that the cold molecular gas is far more extended than

the star-forming disk (e.g. Ivison et al. 2011; Thomson et al. 2012). We will therefore

search for this spatially extended emission, and measure how the angular momentum of

the gas is lost as it is transported inwards towards the disk. Finally, we will test whether

the relationship between gas surface density and star formation rate density established in

the local Universe (i.e. the Kennicutt-Schmidt law) holds for galaxies at high redshift.
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6.2.2.4 Stellar Kinematics using JWST

The James Webb Space Telescope (JWST; Gardner et al. 2006), due for launch in 2018,

will revolutionise our understanding of the high redshift Universe. The telescope’s Near-

Infrared Spectrograph (NIRSpec) will be equipped with an IFU mode of 3× 3 arcsec

field-of-view and 0.1 arcsec spatial sampling, allowing us to obtain spatially-resolved

stellar kinematics of z≥ 1 galaxies for the first time. Such measurements will provide

information on the biases inherent in using gas phase emission lines to study galaxy kine-

matics, and crucial insight into the star formation and mass assembly history of high

redshift (and hence present day) galaxies. These observations will also allow us to place

further constraints on the mass distribution within early galaxies, and the ages and metal-

licities of different components.

6.3 The Bigger Picture

One of the greatest challenges in modern astronomy is to understand the formation of the

Hubble Sequence. What drives the transition between clumpy, irregular galaxies at high

redshift, and the bimodality of blue, star-forming spirals and “red and dead” early-types

at low redshift? Through the work presented in this thesis, it is hoped that we have inched

just a little bit closer to being able to answer this question.

Galaxy evolution is a complex interplay of different physical processes, but a num-

ber of recent studies have suggested that the formation of a stellar bulge is particularly

important. In the local Universe, passive galaxies have larger bulge-to-total light ratios

than star-forming galaxies (e.g. Baldry et al. 2004) This could be achieved if quenching

occurs via gas-poor major mergers at intermediate redshift. However, a tight star-forming

“main sequence” (e.g. Speagle et al. 2014), and the existence of blue bulges and red disks

(e.g. Bamford et al. 2009; Masters et al. 2010), suggest this may not be the dominant

mechanism. An alternative is the growth of a bulge via disk instabilities.

As shown by our results in Chapter 4 and 5, most star-forming galaxies at high redshift

are turbulent, gas-rich disks. Within these galaxies, viscous dissipation is expected to

drive efficient radial inflows that lead to the formation of a bulge (e.g. Dekel et al. 2009;

Dekel & Burkert 2014). Genzel et al. (2014) suggest that, combined with a decrease in
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the gas accretion rate (either gradually over cosmic time, or because the halo grows too

large for efficient cold mode accretion), this will eventually cause the disk to become

globally stable (see also Martig et al. 2009; 2013). This means that while star formation

can still occur in local regions of high density, the disk will no longer fragment into

large, star-forming clumps. The galaxy would begin to look more like a local spiral.

Star formation would continue in this way until quenched by e.g. AGN feedback or

environmental effects.

In other systems, morphological changes may happen more rapidly. A fraction of

high redshift galaxies are thought to undergo a process of “fast compaction”, where vi-

olent disk instabilities lead to the formation of massive, gas-rich bulges (e.g. Zolotov

et al. 2015; Barro et al. 2016; Burkert et al. 2016; Tadaki et al. 2017). The result is a

population of compact star-forming galaxies with spheroid-like morphologies – so-called

“blue nuggets” (e.g. Barro et al. 2013; Wisnioski et al. 2017). In Chapter 5 we identified a

number of very small, high velocity dispersion galaxies which may be of this type. These

galaxies are expected to quench rapidly, forming compact quiescent galaxies with similar

structural properties.

Barro et al. (2017) suggest that through these two modes of transformation – fast and

slow compaction – the basis of the modern Hubble sequence can be formed. To un-

derstand whether this is the case, we must continue to carefully analyse the kinematics,

morphology and star formation properties of galaxies at different epochs. We must un-

derstand the turbulence and clumps ubiquitous in high redshift galaxies, and how these

properties relate to the re-distribution of gas and angular momentum. Finally, while the

focus of this thesis has been star-forming galaxies, it is clear that we must also study

quiescent galaxies for a complete picture of this evolution.

6.4 Final Remarks

A fundamental pursuit of astronomy is to understand how galaxies form and evolve, but

this is no easy task. To even begin to unravel the complexities of these systems requires

a multifaceted approach. Galaxy evolution is influenced by processes on a wide range of

scales, from the cosmic web to individual star-forming regions. We must study galaxies in
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the local population and those at high redshift, galaxies in the field and in dense clusters.

We must combine detailed observations of the extraordinary with well-selected, statistical

samples. Most importantly, we must exploit a range of techniques and data at different

wavelengths.

Significant progress has been made in recent years. Detailed observations of obscured

star formation have been possible with Herschel, and ALMA allows us to study the gas

in galaxies – the “fuel for the fire” – with unprecedented resolution and sensitivity. With

second-generation IFU instruments (e.g. KMOS, MUSE, SAMI) we can now spatially re-

solve the kinematics of many galaxies simultaneously, building large samples at both low

and high redshift. Even how we study galaxy morphologies is changing, with innovative

citizen-science projects such as Galaxy Zoo (Lintott et al. 2008).

However astronomy is now on the verge of a new revolution, thanks to JWST and the

next generation of ground-based telescopes – the European Extremely Large Telescope

(E-ELT), Thirty Meter Telescope (TMT) and Giant Magellan Telescope (GMT) – which

will see first-light in the early 2020’s. It is hoped that in the coming decade we can

combine this wealth of observational data with results from state-of-the-art cosmological

simulations (e.g. EAGLE; Crain et al. 2015; Schaye et al. 2015), to address some of the

following questions ...

• What drives the morphological transition between clumpy, irregular disks at high

redshift and thin, spiral disks at low redshift?

• How does star formation evolve from a global to a local process?

• Which processes are most important for regulating/quenching star formation?

• How does environment influence galaxy evolution?

... and, of course, uncover many more questions to be answered!
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Hopkins, P. F., Kereš, D., Murray, N., Quataert, E., & Hernquist, L. 2012, MNRAS, 427,
968
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Soucail, G., Ota, N., Böhringer, H., et al. 2000, A&A, 355, 433

Sparre, M., & Springel, V. 2016, MNRAS, 462, 2418

Speagle, J. S., Steinhardt, C. L., Capak, P. L., & Silverman, J. D. 2014, APJS, 214, 15
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Appendix A

HST Thumbnails of KROSS Galaxies

In this section we provide broad-band HST images for all 231 KROSS galaxies studied

in Chapter 5. Thumbnails are ranked by the intrinsic velocity dispersion of the galaxy

(σ0). Full details of our dynamical analysis can be found in Chapter 4.

Figure A.1: All HST images available for KROSS, ranked by increasing velocity disper-
sion (σ0, inset values). Each thumbnail covers an area of 4× 4 arcsec and we overlay an
ellipse at three times the half-light radius. We differentiate between dispersions measured
in the outskirts of the disk (‘O’) and those calculated from the median of all pixels (‘M’).
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Figure A.1: continued
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