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Abstract

I employ a forward modelling approach to create and study mock observables, us-
ing the Evolution and Assembly of GaLaxies and their Environments suite of hydrody-
namical simulations (EAGLE, described in chapter 2). The majority of this analysis
focuses on a subset of 30,145 simulated galaxies, selected to have stellar masses
M, > 1.81 x 10® Mg, from the largest fiducial volume at z = 0.1. The philoso-
phy behind this approach is that, ultimately, our galaxy formation models should
predict observables if we are to claim that they reproduce the data. The forward
modelling approach allows us to address a number of overarching questions, in
particular; i) How well can cutting-edge simulations, such as EAGLE, reproduce fun-
damental observables over cosmic time?, ii) What are the systematic effects that come
about when translating between the observable and physical properties of galaxies? and

iii) What physical processes lead to the distributions of galaxy properties we observe?

To this end, optical colours, luminosities, spectra and images are generated, where
dust is modelled to either be absent, in a foreground screen or to trace the ISM us-
ing radiative transfer in chapters 3 and 5. Mock colour-mass and luminosity dis-
tributions are compared with data, revealing a broad agreement that is improved
when dust is included and best for radiative transfer models. Chapter 4 shows
how the z = 0.1 bimodal colour distribution that is found in both the data and the
mock EAGLE photometry becomes established, along with the quenching mech-
anisms and timescales involved. In addition, chapters 5 and 6 investigate the
accuracy of star formation activity proxies and mass recovery techniques, respec-
tively. Detailed summaries are provided in each chapter, and compiled alongside

conclusions in chapter 7.
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By day and night, fancy electronic dishes are trained on the heavens.
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Chapter 1

Introduction

In the mid-18"™ century, Thomas Wright supposed that the faint nebular struc-
tures he observed could be systems of stars external to our own Milky Way, later
to be termed Island Universes by Immanuel Kant (Wright, 1750; Kant, 1755). While
provenance for the understanding that our Milky Way is merely a single instance
in a greater population of ‘galaxies’ can be traced back to the Enlightenment period,
general acceptance of this concept is less than a century old. It was the detection
of Cepheid stars in Andromeda (Hubble, 1926) that provided the first conclusive
distance measurement of a galaxy and confirmed its extragalactic status, settling
contemporary debate on the nature of the spiral nebulae (Shapley & Curtis, 1921).
This discovery has tremendous implications for our understanding of the uni-
verse and our place within it, and founded the fields of extragalactic astronomy
and modern galaxy formation theory.

Today’s astronomers inherit a vast and growing repository of data on galaxies.
Decades of focused observation of individual objects and the recent explosion of
data from galaxy redshift surveys put strong constraints on the nature of galax-
ies, the prevalence of different galactic phenomena and their various evolution-
ary pathways. Galaxies themselves act as beacons in the distant Universe; trac-
ing greater cosmic structures and shedding light on the unseen Universe around
them. Great advancements in extragalactic observation demand a richer galaxy
formation theory, and a reappraisal of how galaxies are thought about and mod-

elled.
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This thesis is concerned with using modern computational techniques to model
the formation of galaxies in a cosmological context, and how we might reconcile
theoretical predictions with observation. In particular, I consider the translation
between the physical properties that drive galaxies and those that are observed,
using ‘forward modelling’ to compare simulations to observations directly. In this
section I provide context for the original work presented in the thesis. In par-
ticular, I will focus on modern galaxy formation theory, the role of simulations
in understanding how galaxies form and reconciling theoretical predictions with
observations. As a detailed review of the field is beyond the scope of this sec-
tion, I focus on the areas most relevant to this body of work, and summarise the

structure of the thesis in section 1.5.

1.1 Key Observations of Galaxies

To motivate features of contemporary galaxy formation models, I first describe
some of the key observations that have informed them. While a raft of diverse
observations shape current theories, I focus on just a few select observables and
how they may be compiled. In particular, observations from galaxy redshift sur-
veys (e.g. SDSS, York et al. 2000; 2dF, Colless et al. 2003; GAMA, Driver et al. 2009)
provide strong statistical constraints, afforded by the large number of objects they
sample. Distributions of measured properties are a useful way of characteris-
ing this observed population, providing clear targets that successful formation
models should aim to reproduce. The diversity of galaxy redshifts, luminosities,
colours and morphologies captured observationally are exemplified by the Hub-
ble Ultra Deep Field (HUDEF), shown in Fig. 1.1. Conspicuous differences can be
seen between the galaxies of the HUDF, and the measurement and relevance of
these particular properties are detailed below.

Redshift (2) itself is a key measurement, used to infer the distances to ob-
served galaxies and thus how long ago the light we observe was emitted (e.g.
Hogg, 1999). Redshifts and angular positions from galaxy surveys have been

used to map the spatial distribution of local galaxies (¢ < 0.2) in great detail, re-
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vealing the characteristic filamentary structure of the cosmic web (see e.g. Springel
et al., 2006) and yielding precise galaxy clustering statistics (e.g. Zehavi et al.,
2011). Redshifts also enable us to to partition galaxies into roughly contempora-
neous populations, in order to examine the evolution of galaxy properties. Red-
shifts are obtained using galaxy photometry (e.g. Bolzonella et al., 2000; Brammer

et al., 2008) or, more reliably, spectra (see Baldry et al., 2014).

Luminosities can then be inferred with knowledge of the redshift. The num-
ber density of galaxies at a given luminosity, or luminosity function (LF), is a fun-
damental characteristic of the galaxy population (e.g. Blanton & Moustakas, 2009;
Johnston, 2011). Rather than bolometric luminosities, which require panchro-
matic observations, luminosities are typically measured in wavelength bands or
by integrating emission features. For optical broad-bands the LF primarily tells
us about the stellar component of galaxies, with bluer bands probing younger
stellar populations. The LF is commonly well-fit by a Schechter (1976) function,
featuring an asymptotic slope towards dim galaxies and a sharp cut-off above a
characteristic luminosity’ that varies between bands.

Estimating luminosity functions can be tricky. Uncertainties in intrinsic UV-
optical luminosities are compounded by dust in target galaxies, which may ab-
sorb ~ 40% of emitted light at these wavelengths in the local star-forming pop-
ulation (e.g. Viaene et al., 2016b). The complex nature of the dust-light interac-
tion means dust corrections are often highly idealised. In addition, luminosity-
dependent volume and completeness corrections are necessary to convert num-
ber counts into number densities (e.g. Baldry et al., 2012). Corrections should also
be made for the fact that variations in redshift lead to different regions of the rest-
frame galaxy spectral energy distributions (SEDs) being sampled by a given band
("k-corrections’, e.g. Blanton & Roweis, 2007), and that galaxies evolve between

their redshift of observation and the redshift that the LF is being constructed for

lEmission associated with the youngest stars (such as ultraviolet, Ha, far-infrared emission
Kennicutt, 1998a) may be better fit by a Saunders et al. (1990) function with a shallower bright-
end slope (e.g. Gunawardhana et al., 2013).
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(“e-corrections’, e.g. Norberg et al., 2002). These two corrections can be minimised
by selecting galaxies over a narrow range in redshift, but there is a trade-off with
lower number counts and stronger inhomogeneity effects due to the smaller sam-
pled volume (e.g. Blanton & Moustakas, 2009). The integration of a galaxy’s light
and sky subtraction also lead to uncertainties, that can introduce systematic dif-
ferences at the bright end (Bernardi et al., 2013).

Despite these difficulties, LFs probing stellar emission have been well-studied
locally (Blanton et al., 2001; Norberg et al., 2002; Loveday et al., 2012) and con-
strained out to z < 10, revealing evolution in how galaxy luminosities are dis-
tributed (e.g. Kauffmann & Charlot, 1998b; Zucca et al., 2009; Bouwens et al.,
2015).

Colours, representing the ratio of luminosities in different bands, are a basic
measure of the shape of galaxy spectra. The colour-magnitude diagram combines
the LF and colour distribution, providing a key diagnostic for the observed pop-
ulation. Colours in the UV and optical are primarily driven by the recent star
formation activity and star formation histories in galaxies (the presence of hot,
massive stars in young stellar populations makes galaxies appear bluer), but can
also be strongly influenced by dust content and affected by stellar metallicities. In
early data sets, a narrow ‘red sequence’ of galaxies was already clearly evident (e.g.
Sandage & Visvanathan, 1978; Larson et al., 1980; Bower et al., 1992). The step-
change in sample size afforded by the likes of the Sloan Digital Sky Survey (SDSS,
York et al. 2000) revealed ‘blue cloud” population, establishing a distinct bimodality
in local galaxy colours (Strateva et al., 2001; Bell et al., 2004; Baldry et al., 2004).
Evidence for colour bimodality has been observed out to z < 3 (Franx et al., 2003;
Faber et al., 2007; Whitaker et al., 2011). A two component model of the colour
distribution? appears to provide a good fit for optical bands (e.g. Baldry et al.,
2004; Taylor et al., 2015). However, UV-optical colours have an enhanced sensi-
tivity to young stars and reveal a significant ‘green valley’ population between the

two peaks (e.g. Wyder et al., 2007; Martin et al., 2007). With luminosity and colour

2Fitting two Gaussian distributions to the red and blue peaks
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Figure 1.1: The three colour composite image of the Hubble Ultra Deep Field
(HUDEF, Beckwith et al., 2006) illustrates the diversity of galaxy properties re-
vealed by modern telescopes. Within this small patch of sky (2.4 x 2.4 arcmin),
~ 10* galaxies have been identified, spanning redshifts covering most of the his-
tory of the universe. Sizes, shapes and colours vary dramatically between galax-
ies, reflecting both intrinsic differences in galaxy properties as well as redshift
and projection effects. Image credited to NASA, ESA, H. Teplitz and M. Rafelski
(IPAC/Caltech), A. Koekemoer (STScI), R. Windhorst (Arizona State University),
and Z. Levay (STScI).
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indicative of a galaxy’s star formation history, the evolving colour-magnitude di-
agram clearly encodes a great deal of information about the physical evolution of
the galaxy population.

Morphology, pertaining to the surface brightness distribution in galaxies, is
another important global property. While morphology has long been a conspicu-
ous feature of galaxies, and visual classification schemes such as the Hubble tun-
ing fork remain prevalent today, obtaining objective or quantitative measures of
morphology is challenging. Fitting radial light profiles of galaxies with idealised
functional forms® has proven a popular parametric approach (e.g. Peng et al.,
2010), and allows us to decompose galaxy light profiles into contributing compo-
nents such as centrally concentrated spheroids and extended discs. This approach
can be used to provide very useful decompositions for large galaxy samples (e.g.
Simard et al., 2011; Haufler et al., 2013), but the underlying assumptions about
galaxy light profiles may not be representative of some galaxies and introduce
systematic effects (e.g. Benson et al., 2002; Conselice, 2014). Non-parametric mea-
sures have been developed to avoid this limitation. While these do not provide
direct decompositions, they quantify morphology via concentration, clumpiness
and asymmetry (e.g. Conselice, 2003) and the Gini and M, parameters (see Lotz
et al., 2004). An alternative is to embrace human classification, and reduce sub-
jectivity by appealing to a large number of distinct classifiers. The pioneering
Galaxy Zoo project (Lintott et al., 2011) has proven a successful implementation
of this, employing ~ 10° citizen scientists to obtain statistically robust classifi-
cations of ~ 10° galaxies (e.g. Willett et al., 2013). These different approaches
to obtaining morphologies may be appropriate in different scenarios, or used in

combination.

In addition to the colour-magnitude relation, other interrelationships between
these properties have been widely explored. A strong morphology-colour rela-

tion has long been established (e.g. Larson et al., 1980), and more recently put

3Commonly exponentially declining, de Vaucouleurs or generalised Sérsic profiles
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on a detailed, statistical footing using human classification (Schawinski et al.,
2014; Smethurst et al., 2015) and numerical methods (e.g. Driver et al., 2006).
Morphologies, like colours, show bimodality with luminosity locally (e.g. Kelvin
etal., 2014) and evolve with redshift (e.g. Conselice et al., 2005). In addition, these
intrinsic properties of galaxies correlate with the environment in which they re-
side, yielding a generic picture of the local galaxy population as red ellipticals in
dense groups and clusters, and blue spirals in the field (e.g. Dressler, 1980; Balogh
et al., 2004; Ball et al., 2008; Tempel et al., 2011; Alpaslan et al., 2015).

It seems plausible that common physical processes, arising from how galax-
ies form and evolve, drive the strong relationships between these observations.
Indeed, these observables are widely used to estimate physical properties such
as stellar mass and star formation history. For large samples of galaxies, these
are derived using proxies or by fitting spectral or photometric measurements of
galaxies with templates (e.g. Kennicutt, 1998a; Walcher et al., 2011), discussed
further in section 1.4. The new generation of Integral Field Unit (IFU) instru-
ments are also beginning to provide kinematic information for galaxy samples
(e.g. KMOS Wisnioski et al. 2015; SAMI Allen et al. 2015; MaNGA Bundy et al.
2015). Details of the conversion between the physical and observable domains is
discussed further in section 1.4. In the following section, we first review galaxy

formation theory and its relation to these observations.

1.2 Galaxy formation within the ACDM paradigm

1.21 The ACDM Cosmology

The current concordance model of our Universe is the ACDM framework, the
main facets of which are empirically motivated. Here, CDM references ‘cold dark
matter” as the primary mass component of the cosmos, with a cosmological con-
stant, A, dominating the present day energy density. Evidence for a significant
‘dark” (non-emissive) matter component was first postulated in 1933 by Fritz

Zwicky, who found that the large velocities of galaxies in the Coma cluster could
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not be reconciled by luminous matter alone (see Zwicky, 2009, for a translation of
the original article). Evidence for a significant dark matter component, favoured
to comprise weakly interacting and massive particles (WIMPs e.g. Peebles, 1982),
has since arrived from a number of quarters, including galaxy kinematics and
gravitational lensing (e.g. Rubin et al., 1980; Brainerd et al., 1996). Measurements
of clustering in large samples of galaxies (see section 1.1) can also be reconciled
by invoking CDM (e.g. Springel et al., 2006).

ACDM incorporates a hot big bang cosmogony, where the Universe has ex-
panded and cooled from an initial state of extreme density and temperature.
When the Universe first cools to the point where hydrogen atoms form, photons
that were initially coupled to baryons and leptons are able to propagate freely as
the mean free path for Thomson scattering becomes large. Relic radiation from
the decoupling of the photon-baryon fluid is redshifted as the Universe expands,
and observable today as the cosmic microwave background (CMB, Penzias &
Wilson, 1965).

Perhaps the strongest constraints on the ACDM model come from detailed
CMB measurements. Temperature anisotropies in the CMB have been measured
and mapped at increasing fidelity via the COBE (Smoot et al., 1992), WMAP (Ko-
matsu et al., 2011), and Planck (Planck Collaboration et al., 2014) satellites. These
anisotropies are indicative of density perturbations in the early Universe, consis-
tent with inflationary models where quantum fluctuations are blown up to large
scales, which appear to have sufficient amplitude to have seeded present day
structure through gravitational collapse.

The angular power spectrum of temperature fluctuations also encodes infor-
mation about a number of cosmological parameters. Peaks in the power spec-
trum correspond to acoustic modes propagating through the primordial baryon-
photon fluid. The fundamental mode represents oscillations with a period twice
as long as the time between their sound horizon entry and recombination, such
that the fluid is maximally compressed or rarefied when photons and baryons
decouple (see e.g. Hu & Dodelson, 2002). Comparing the amplitude of the first

to that of the second peak (corresponding to one full oscillation before recom-
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bination) constrains the cosmic baryon density at recombination. The relative
amplitude of higher order modes then indicates the dark matter density at this
time. Matter is found to comprise 31.5% of the present cosmic energy density
in the Planck data, of which 4.5% is in baryons and the rest is in dark matter
(e.g. Planck Collaboration et al., 2014). The remaining 68.5% of the cosmic en-
ergy budget is deemed to be dark energy, which is represented by A in the ACDM
model, and observed as an acceleration term in the expansion history of the Uni-
verse today. Aside from dark energy, alternative explanations for the accelerated
expansion of the Universe have also been theorised, many appealing to modifi-
cations to the behaviour of gravity from that of general relativity on large scales
(see e.g. Koyama, 2016, for a review).

Once photons decouple from baryons, the pressure driving oscillations van-
ishes, and overdense shells of a characteristic scale are preserved about central
dark matter overdensities*. These Baryon Acoustic Oscillations (BAO), and this
resultant overdensity configuration, are a key prediction of the model. The im-
print of the BAO was first detected as enhanced clustering of galaxies on these
scales (~150 Mpc at z ~ 0), as galaxies form in these overdensities (e.g. Cole
et al., 2005), and measured using galaxy redshift surveys (see section 1.1). We re-
view the general picture of how structure collapse and galaxy formation proceeds

in cosmic overdensities in the following section.

1.2.2 Galaxy Formation within Halos

The concept that galaxies form within the centre of dark matter ‘halos” has en-
dured from the pioneering work of White & Rees (1978). In the lexicon of ACDM,
halos form when matter overdensities become nonlinear and undergo gravita-

tional collapse, decoupling them from the expansion of the Universe’. These

“Central overdensities are maintained as dark matter does not feel pressure forces.
Peebles (1982) showed that dark matter particles must be relatively cold (massive with low

streaming velocities) so that the anisotropies seen in the CMB collapse and are not erased by free-
streaming. However, relatively warm dark matter (WDM) models appear feasible, where erasure

of overdensities by free streaming can occur on small scales (e.g. Lovell et al., 2014).
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bound structures form in a hierarchical fashion: smaller scale overdensities col-
lapse first, and grow through mergers and accretion of material®. This result can
be inferred from simple linear evolution of a Gaussian random density field and
idealised spherical collapse models, first formalised by Press & Schechter (1974)
and extended to include effects of mergers (Bond et al., 1991; White & Frenk, 1991,
e.g.). These halos acquire their spin through tidal torques as they form (White &
Rees, 1978; Fall & Efstathiou, 1980).

Gas is subject to the same gravitational forces as dark matter, and as such
initially traces the same structure and rotation, giving halos a baryon fraction
roughly equivalent to that of the Universe as a whole. As gas falls into halos,
either initially or as it is accreted later, it gets shocked and its kinetic energy be-
comes thermalised. The thermal pressure supports this gas against further gravi-
tational collapse and sets the gas halo into quasi-hydrostatic equilibrium. Radia-
tion can dissipate this energy and allow the gas to condense deeper into the halo
potential. While thermal emission effectively dissipates thermal energy, much of
the angular momentum is conserved during the further collapse of baryons. This
leads to proto-galactic gas discs forming near the potential minima of halos’.

This gas must then form stars to be observed as a galaxy, and thus included
in the galaxy statistics discussed in section 1.1. Star formation is a complex and
multi-scale process, many aspects of which remain mysterious. Mercifully, strong
empirical relationships between gas measurements and star formation rates have
been observed. The Kennicutt-Schmidt law (Kennicutt, 1998b) shows that the
inferred surface density of star formation follows a super-linear power law in in-
ferred gas surface density. It has been suggested that this relationship is driven by
the cooler molecular gas, and that refined measurement of molecular gas surface
densities yield a tighter, linear relationship with star formation rate (e.g. Bigiel

et al., 2011). Estimates of molecular gas content generally rely on CO emission as

®Note that a free streaming scale is evoked in WDM models, corresponding to the first halos

that form, with halos on larger and smaller scales forming later
"Later-stage mergers may also augment and redistribute angular momentum in galaxies

(Barnes & Efstathiou, 1987)
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a tracer, but the fraction of molecules represented by CO can be ambiguous, not
least due to its dependence on gas metallicity.

Metal enrichment of the gaseous inter-stellar medium (ISM) is of key impor-
tance to galaxy evolution in general. Metals are synthesised inside stars, and are
typically returned to the ISM through the strong winds of AGB stars or the explo-
sion type II and Ia supernova (SNa). These metals may be returned in a gaseous
state, or as agglomerated dust grains. Metal line emission becomes an important
cooling channel when the ISM is enriched, and dust grains provide vital sites for
the formation of molecular gas, catalysing further star formation. The lifecycle
and distribution of dust grains in the ISM is itself highly complex (see e.g. Draine
2003 for a review).

It may seem from this picture that star formation is an efficient, even runaway,
process in galaxies. However, comparing the shape and normalisation of the ob-
served NIR LF or galaxy stellar mass function (GSMF) with the halo mass func-
tion (HMF) suggest relatively low and mass-dependent star formation efficien-
cies in halos (e.g. White & Frenk, 1991; Benson et al., 2003). Feedback processes
that disrupt star formation are invoked to explain this difference. It is thought
that star formation could have been completely shut down in the smallest halos
by the photoionising background after cosmic reionisation (e.g. Rees, 1986; Ef-
stathiou, 1992; Thoul & Weinberg, 1995; Okamoto et al., 2008). It has also long
been speculated that energy injected by supernovee inhibits star formation in low
mass galaxies (Larson, 1974; Dekel & Silk, 1986). Now the term ‘stellar feedback’
is used generally to include photoionisation, photoheating and stellar winds as
additional important feedback mechanisms associated with star formation. Com-
bining these processes may lead to very little to no star formation in low mass
halos, and naturally explain the divergence of the mass function of galaxies and
of halos at the faint end (e.g. Sawala et al., 2014).

By contrast, at higher galaxy masses it is speculated to be the feedback from
accreting super-massive black holes (SMBHs) that introduces a near exponential
cut-off in the GSMF (Bower et al., 2006; Croton et al., 2006). Accreting black holes

are identified with the observed phenomena of Active Galactic Nuclei (AGN, see
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e.g. Netzer, 2015). Indirect observations provide strong evidence that most (per-
haps all) galaxies contain a SMBH; nuclear velocities inferred from stars, gas and
water masers are suggestive of extremely massive and compact central objects
(Kormendy & Richstone, 1995). Some of the tightest galaxy scaling relations are
also attributed to SMBHs (e.g. Magorrian et al., 1998; Gebhardt et al., 2000).

It is speculated that stellar and AGN feedback must drive large-scale outflows
in order to be effective. These outflows move gas out of galaxies, where it might
have formed stars, and into the circumgalactic environment. There is much ob-
servational evidence to suggest that outflows are prevalent in galaxies (see e.g.
Veilleux et al., 2005). Outflows are observed to correlate with star-formation ac-
tivity, and often the outflow rates exceed those of infall and star formation (Mar-
tin, 1999; Weiner et al., 2009; Kornei et al., 2012). This is suggestive that outflows
play a crucial role in regulating star formation. Strong winds driven by AGN
have also been shown to be energetically feasible, and are supported by cavities
observed in the X-ray profiles of clusters (e.g. King & Pounds, 2003; Rafferty et al.,
2006). In addition, galactic outflows are often observed to be dusty (e.g. Heckman
etal., 2000), and its believed that radiation pressure on this dust may help to drive
them (e.g. Veilleux et al., 2013).

Above I have described some of the key mechanisms of modern galaxy for-
mation theory and how they relate to observation. Below, I review the insights
we may gain from galaxy modelling. In particular; how do these complex, com-

peting mechanisms drive the complex evolution of galaxies?

1.3 The Simulation Approach

Cosmological simulations have become instrumental to our understanding of
cosmic structure formation and how competing physical processes shape galax-
ies. It is useful to split the simulation problem into two key questions?;

1) what would be the evolution of our Universe if it comprised only the dark sector”?,

8This formulation is similar to Naab & Ostriker (2016).
Dark matter and dark energy.
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2) how do baryonic processes alter this picture to yield the Universe we inhabit?

The first question has largely been answered by the use of N-body simula-
tions, that follow the growth of cosmic structure by gravity alone, which have
played a crucial role in establishing the cold dark matter paradigm (e.g. Davis
et al., 1985; Frenk et al., 1988). These simulations provide a coherent and conver-
gent picture where gravity dominates, from linear large-scale structure to non-
linear halo regimes (Springel et al., 2005b). They also have been used to suggest
a universal profile for halos (Navarro et al., 1997), and characterise the substruc-
tures within them for CDM and alternative dark matter models.

These N-body simulations provide valuable insight into answering the sec-
ond question. They place strong constraints on the growth of different environ-
ments, how halos are distributed and on accretion and merger rates of halos.
However, the complex and multi scale nature of galaxy formation and baryonic
physics in general means that the second question remains highly challenging.
Fig. 1.2 demonstrates this complexity and dynamic range, showing a three level
zoom between simulated baryon structure on cosmic and galaxy scales. A num-
ber of simulation-based approaches have been developed to tackle the problem
of modelling galaxy formation.

‘Serial” approaches to galaxy formation take the solution to cosmic structure
formation provided by N-body simulations, and afterwards model how galaxies
might occupy the dark matter halos. The Halo Occupation Distribution (HOD)
approach (Jing et al., 1998) assigns observed galaxies to simulated halos by some
mapping between galaxy and halo properties. SubHalo Abundance Matching
(SHAM) is a related approach. In its simplest form, this assumes a positive
monotonic relationship between galaxy luminosity (or mass) and subhalo mass
(Hearin et al., 2013). HOD, and particularly SHAM, approaches have been ex-
tensively used to produce mock catalogues for survey comparison. Despite these
successes, they do not provide insight into the physical origin of these galaxies.

Another serial approach is that of Semi-Analytic Models (SAMs). These gen-

0The EAGLE simulations shown here are introduced in detail below.
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Figure 1.2: [llustration of the large range of scales needed for cosmological galaxy
formation simulations, using the simulated baryon structure of the EAGLE sim-
ulations. The largest image is a 100 x 100 comoving Mpc projection of the sim-
ulated gas distribution, with density indicated by the brightness, and coloured
from blue to red by increasing gas temperature. The smallest inset image shows
a virtual 3 colour image of an EAGLE galaxy. Filamentary structures on scales
of ~ 10 Mpc (the cosmic web) connect overdense halos, which provide the sites
for galaxy formation on ~ kpc scales. Simulating baryonic processes over this
dynamical range has only recently become a computational reality, and resolu-
tion limitations for simulations covering these scales still remain a considerable

source of uncertainty. Figure reproduced from Schaye et al. (2015).



1.3. The Simulation Approach 15

erally aim to represent macroscopic galaxy formation and evolution processes
as systems of differential equations that balance inflows, outflows, sources and
sinks. Model parameters, such as those associated with feedback, are typically
calibrated to reproduce a target observable or set of observables. While simple,
SAMs can elucidate how important different modelled physical processes (such
as feedback mechanisms) may be, by parametrising them and comparing the re-
sultant galaxy populations with observations (e.g. Bower et al., 2006; Henriques
et al., 2014; Lacey et al., 2016). SAMs have a considerable advantage in their low
computational cost and flexibility; model variations and parameter space can be
extensively explored using both reasoned trial-and-error and formalised MCMC
methods (see Somerville & Davé, 2015, for a comprehensive review of the SAM
approach). However, SAMs and other serial approaches are limited by the lack
of insight they can provide into the baryon dynamics, and do not account for any
back reaction by baryons on the dark component.

The “parallel” approach, where baryons and the dark sector are modelled to
evolve simultaneously, is commonly realised by hydrodynamical simulations.
The more detailed physical modelling of hydro simulations may lead to processes
emerging naturally that are approximated or missed by SAMs, but this advantage
comes at great computational expense. Modes of gas accretion on to galaxies, ram
pressure stripping of satellites falling into larger halos and the complex evolution
of merging systems are among the processes that hydrodynamical simulations
can aim to follow in detail.

While hydrodynamical simulations of galaxies may resolve internal galaxy
structure and gas dynamics that SAMs do not, the scales at which SNe and
SMBHs inject energy remain far from reach. These simulations are thus unable to
compute the net efficiency of the resulting feedback a priori. Simulations therefore
need to rely on a phenomenological description of crucial processes occurring on
unresolved (‘subgrid’) scales, using observations to calibrate the parameters that
appear in the subgrid modules. It is then important to quantify the uniqueness
and degeneracies in such modelling (Schaye et al., 2010, 2015; Crain et al., 2015),

while at the same time using very high-resolution simulations (e.g. Hopkins et al.,
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2011; Creasey et al., 2013, 2015; Martizzi et al., 2014; Rosdahl et al., 2015) to try and
bridge the gap between numerically unresolved and resolved scales.

Hydrodynamical simulations of the cosmos have been performed for over 35
years (e.g. Efstathiou & Eastwood, 1981), and long struggled to match observ-
ables at the level of contemporary SAMs when calibrated (e.g. Katz et al., 1996;
Benson et al., 2003; Crain et al., 2009). Cosmological simulations including hy-
drodynamics have by now matured to such an extent that they show good agree-
ment between simulated and observed galaxies for a wide range of properties
(e.g. Vogelsberger et al., 2014; Murante et al., 2015; Schaye et al., 2015; Davé et al.,
2016). This maturation can be ascribed to a more nuanced understanding of the
behaviour of subgrid models, particularly that feedback from forming stars and
accreting black holes are implemented in such a way that they act very efficiently.
Improvements in the hydrodynamics scheme have also helped to push the simu-
lations forward (Springel, 2005, 2010; Hopkins, 2015; Schaller et al., 2015b).

With the details of the subgrid modelling proving crucial to reproduce real-
istic galaxy populations, their role and calibration must be carefully considered.
For some subgrid models, the calibration is relatively direct; star formation rates
can be related to local gas properties and calibrated to reproduce the empirical
Kennicutt (1998b) relation (e.g. Schaye & Dalla Vecchia, 2008), and gas cooling
rates may be parametrised for a large range of physical conditions using pho-
toionisation codes such as CLOUDY (Ferland et al., 1998). The correct choice of
subgrid modelling and parametrisation of feedback is more ambiguous, with a
diversity of different approaches having developed. Feedback energy may be
injected in a number of ways, and vary with local properties and redshift (see
Rosdahl et al., 2017, for a comparison of implementations for SNee). Mechanisms
other than stellar and AGN feedback, such as cosmic rays and radiation pressure,
may also play a role. Feedback implementations differ in philosophy; ranging
from heuristic approaches that relate feedback to indirect proxies such as halo
mass (e.g. Gabor & Davé, 2012) to those that aim for a more physical model de-
spite the lack of resolution (e.g. Sijacki et al., 2007). Generally, all these feedback

models have free parameters that are used to calibrate global galaxy distributions
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or scaling relations (see section 1.1), and thus limit some of the predictive power
of simulations. As the choice of feedback implementation can be decisive for the
evolution of simulated galaxies (e.g. Scannapieco et al., 2012), subgrid modelling
remains an important area of uncertainty in hydrodynamical simulations.

While hydrodynamical simulations are subject to many challenges, they can
provide unique insight into galaxy evolution. How relationships between galaxy
properties (and the associated scatter) emerge in simulations is particularly in-
formative, with the caveat that certain galaxy properties are calibrated. The fol-
lowing section broaches the subject of exactly how we can compare simulated

galaxies back to observations.

1.4 Inverse and Forward Modelling

While recent cosmological simulations claim a number of successes, comparison
to data is relatively indirect due to simulations predicting physical properties
(such as galaxy stellar mass or star formation rate) that are not directly observ-
able. Any comparison between simulations and data then relies on a translation
between the physical and observable domains. This may be achieved by either
deriving physical properties from observations for direct comparison to theory,
inverse modelling, or predicting observables from theory to compare directly with
data, forward modelling.

There are common assumptions shared by both of these approaches. The stel-
lar initial mass function (IMF) is one such assumption, representing the fraction
of stars born at a given mass. As main sequence stellar temperatures are primarily
determined by their masses, the form of the IMF has strong implications for the
mass to light ratio in different bands. Unfortunately, the IMF cannot currently be
predicted with reliability from first principles in galaxy-scale simulations, nor can
it be observed directly in external galaxies. A form for the IMF was first derived
empirically by Salpeter (1955) from the luminosities of Milky Way (MW) stars,
and extrapolating the power law he derived for log,,(Msar/Mp) in the range [-

0.4,1] is often termed the Salpeter IMF. Subsequently, a reduction in the number of
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low mass stars was favoured in MW observations, resulting in segmented power
law (Kroupa IMF, Kroupa et al., 1993) or log-normal (Chabrier IMF, Chabrier,
2003) parametrisations. It is common to assume one such form for the IMF as
universal when modelling or interpreting galaxy observations, but the validity of
this assumption remains a topic of vigorous debate (see e.g. Bastian et al., 2010,
for a contemporary review). The effects of IMF variation are not directly explored
in this thesis.

It is also necessary to model how populations of stars evolve in order to relate
stellar formation and enrichment histories to the light we observe. This evolution
is encapsulated by stellar population synthesis (SPS) models which provide spec-
tra for simple stellar populations; parametrised by a single starburst age, metal-
licity and initial stellar mass. These spectra can then be superposed to create
composite populations of differing age and metallicity. Notable differences ex-
ist between SPS models in the coverage of parameter space, the evolutionary
tracks of stars through temperature-luminosity diagram, and the treatment of
certain stellar phases and binaries. For stellar phases in particular, representation
of thermally-pulsing asymptotic giant branch (TP-AGB) stars prove a decisive
difference between some SPS models, exemplified by a comparison between the
Bruzual & Charlot (2003) and Maraston (2005) models. While the TP-AGB treat-
ment is relatively unimportant for optical bands and evolved populations, it may
drive differences in the NIR for intermediate-age stellar populations. Conroy
et al. (2009) provide SPS models where the IMF and contribution of certain stellar
phases can be varied, recognising their uncertainty. Again, SPS model variation
is not directly explored in this work. The choice of SPS model is discussed further

in chapter 3.

1.4.1 Inverse modelling of physical properties

‘Inverse modelling” of physical properties from observed fluxes of real galaxies
has lead theory for decades, constraining galaxy formation physics. This ap-
proach allows distributions of observables, such as those detailed in section 1.1,

to be converted to their physical analogues. Stellar masses are often derived from
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photometry given an assumed IMF and SPS model, alongside assumed templates
for the star formation, enrichment histories and dust effects. This is exemplified
by the analysis Li & White (2009) applied to the 7th data release (Abazajian et al.,
2009a) of spss(York et al. 2000), or the analysis by Baldry et al. (2012) applied
to the Galaxy And Mass Assembly (GAMA, Driver et al. 2009) survey. Of course,
such analysis makes necessarily bold simplifications, for example assuming expo-
nential star formation histories, uniform stellar metallicities and a screen model
for dust. Mitchell et al. (2013) demonstrated how this methodology suffers from
degeneracy between the star formation history, metallicity and dust properties of
galaxies using SAMs.

Modelling is also needed to infer star formation rates or passive fractions.
The strength of the Ha recombination line is sensitive to recent star formation,
as it probes UV-continuum emission from stars that are <10 Myr old (Kennicutt,
1998a). However, a significant fraction of the Ha flux in star forming galaxies is
emitted by dusty Hil regions (e.g. Zurita et al., 2000), and therefore the conversion
from flux to star formation rate requires a model to account for obscuration (e.g.
James et al., 2004; Best et al., 2013; Gunawardhana et al., 2013). Similarly, the
continuum strength on either side of the 4000A break, depends on the relative
contribution to the flux of old versus younger stars, and hence is a useful proxy
for the specific star formation rate of a galaxy (e.g. Kauffmann et al., 2003a; Balogh
et al., 1999). However, the amplitude of the break may also be affected by dust,
and hence the inferred passive fraction depends on the assumed dust properties.

Full spectroscopic data may provide more power to constrain the underlying
physical properties of galaxies. In particular, detailed spectroscopy can be used to
infer non-parametric star formation histories with many more associated free pa-
rameters than exponential models. This fossil record analysis allows the fraction of
stellar populations in separate bins of age and metallicity to be individually con-
strained. Heavens et al. (2004) used the fossil record method to determine star
formation histories for ~ 10° galaxies in the SDSS sample at z ~ 0.1, and showed
that the recovered evolution in cosmic star formation rate density is consistent

with the instantaneous star formation rates measured using multiple tracers ob-
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served at various redshifts. This remarkable result demonstrates the power of the
technique. Despite this, the availiability of good quality spectra and degeneracies
between age, metallicity and dust content still limits the insight fossil record anal-
ysis can provide for individual galaxies.

Degeneracies between the dust and stellar content of galaxies that arise in
inverse modelling of optical data may be alleviated to some extent by appealing
to FIR observations. Stellar light emitted at UV-optical wavelengths is absorbed
by interstellar dust in galaxies and then re-emitted to dominate the IR portion
of the rest-frame SED. While the FIR hump can be used to constrain the dust
mass and the amount of absorption in galaxies, panchromatic data is limited to
a relatively small samples of galaxies. There are also ambiguities associated with
the shape of attenuation curves, dust temperatures and outstanding problems
with the dust-energy balance in spiral galaxies (e.g Baes et al., 2010) that make
parameter estimation difficult.

One insight that inverse modelling provides is how different the fractional
contributions of mass and light appear to be for different baryonic components.
Approximately half of the radiation measured from galaxies comes directly from
stars, with ~ 45% coming from starlight that is absorbed by dust and re-radiated
in the FIR (e.g. Finke et al., 2010). Despite their dominance of the light budget,
stars contribute a mere 3.5% of the local baryon density (Li & White, 2009) and
the contribution of dust mass is negligible. By comparison, atomic and molecular
gas in local galaxies contribute ~ 2% of the local baryon density, and ionised gas,
primarily outside of galaxies, comprises the remaining ~ 95% of baryons at the
present day (Fukugita et al., 1998). Despite making a marginal contribution to
the overall baryon mass budget, accreting black holes also make a non-negligible
contribution to the cosmic luminosity density over the history of the universe
(Hopkins et al., 2007). Appreciating the difference between the mass and light
contributions of different components gives some indication of the intrinsic dif-
ficulty in comparing observations to physical models, and why we might also

appeal to a forward modelling approach for further insight.
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1.4.2 Forward modelling of observables

In addition to inverse modelling, it should be possible to apply the ingredients
of the inverse models to the simulated galaxies instead, and compare mock fluxes
to the observations. Such ‘forward models” have many potential advantages. For
example, the star formation histories of simulated galaxies are more detailed and
diverse than the parametric models often used in inverse modelling. Similarly,
the simulated - and presumably also the observed stars in any galaxy - have a
considerable spread in metallicity, rather than a single uniform value. These as-
sumed priors may introduce biases in the inferred properties of galaxies (see e.g.
chapter 4). Notwithstanding any practical considerations, surely the ultimate aim
of simulations should be to predict observables.

Detailed forward modelling analyses are common in large-scale SAMs (Gonzélez
et al., 2009; Henriques et al., 2014; Cowley et al., 2015), but appear less prevalent
for hydrodynamical simulations of large cosmological volumes. This could be
attributable to the more detailed and complex properties of hydrodynamically
simulated galaxies, and their historical inability to reproduce salient galaxy prop-
erties simultaneously for the overall galaxy population. However, pioneering
work has been carried out where hydrodynamical simulations of single isolated
and merging galaxies are subject to detailed forward modelling (e.g. Wuyts et al.,
2009a,b; Jonsson et al., 2009; Hayward & Smith, 2015; Feldmann et al., 2016), pro-
viding insights into the conversion between physical and observable properties.
The latest generation of large-volume hydrodynamical simulations are promising
from a forward modelling perspective. Model observables have been produced
and analysed for the contemporary simulation suites of ILLUSTRIS (Torrey et al.,
2015), MUFASA (Davé et al., 2017), and EAGLE. The primary analyses of EAGLE
comprises the studies consolidated into this thesis.

In practice there are still formidable challenges associated with forward mod-
elling, and inverse and forward modelling approaches are largely complemen-
tary. Inverse modelling is useful to assess how distinct physical quantities may
contribute to observables and elucidate discrepancies between real and mock ob-

servations, while insights gained from a forward modelling approach can inform
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and improve our inverse models. For instance, generating mock galaxy obser-
vations with attenuation and re-emission by dust can be used to demonstrate
how numerous degeneracies in SED inversion can be lifted by incorporating FIR
observations (e.g. Hayward & Smith, 2015). A forward modelling approach is
adopted and explored throughout the following chapters.

1.5 Thesis outline

In this thesis I focus on the forward modelling of hydrodynamically simulated
galaxies, and what can be learned from this analysis. In particular, I develop
panchromatic models for galaxies taken from the EAGLE simulations (Schaye
et al., 2015; Crain et al., 2015), applying different approaches for modelling dust.
I then explore optical to NIR properties of EAGLE galaxies and use them to assess
how well physical properties can be derived for galaxies given common assump-
tions.

In chapter 2 I first provide a short review of the simulations relevant to our
modelling, and some of the modelling techniques I employ. The presentation of
my own research begins in chapter 3, in which I focus on the optical properties of
EAGLE galaxies at low redshift, particularly colour distributions and luminosity
functions, and develop a simple screen model to account for dust attenuation at
z = 0.1. Chapter 4 then looks at the evolution of intrinsic optical properties of
EAGLE galaxies, particularly the colour-mass relation, and the mechanisms that
drive the build up of the distinct red sequence and green valley populations.
In Chapter 5, I adopt a more physical radiative transfer approach for modelling
the dust and explore the effects that dust has on the optical properties of EAGLE
galaxies. I use this to assess how simplistic assumptions about dust reddening
may introduce systematics in SED inversion and proxies for star formation activ-
ity. In chapter 6 I then conduct a focused study of fitting EAGLE SEDs, and com-
paring the fitted parameters back to their input values, to investigate how well
commonly adopted techniques can recover galaxy star formation rates and stellar

masses. The final chapter discusses overarching conclusions from this work, and
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the future projects that may emerge from it. Additional information and figures

supporting the main chapters are provided in the Appendices.



Chapter 2

The EAGLE Simulations and

Comparison Data

The Evolution and Assembly of GaLaxies and their Environments (EAGLE) project is
a suite of hydrodynamical simulations that follow the formation and evolution
of cosmic structure and galaxies in cosmologically representative cubic volumes,
and were completed in January 2014. EAGLE is a unique resource, reproducing
a number of calibrated and uncalibrated properties of the observed population
to unprecedented accuracy for a large sample of hydrodynamically simulated
galaxies (detailed below). EAGLE is the simulation analysed exclusively in this
thesis. Full details of the EAGLE simulations can be found in Schaye et al. (2015)
and Crain et al. (2015) (hereafter S15 and C15 respectively); here I provide only
a brief review of the aspects of EAGLE most relevant to the collaborative and in-
dependent studies presented in this thesis. I also describe the standard analysis
tools we use to identify structures in EAGLE, as well as the observational data
used for comparison in chapters 3-5. The aim of this chapter is to provide a suf-
ficient grounding on the common EAGLE simulations and datasets employed in

the later chapters of this thesis.
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Table 2.1: Numerical parameters of the simulations of the EAGLE suite that are
used in this thesis. From left to right: simulation identifier, side length of cubic
volume L in co-moving Mpc (cMpc), initial mass m, of baryonic particles, Plum-
mer equivalent gravitational softening ¢, at redshift = = 0 in pkpc, where I use

‘pkpc’ to denote proper kiloparsecs.

Name L Mg €prop

cMpc My  pkpc
Ref-L025N0376 (Ref-25) 25 1.81x10° 0.70
Ref-L025N0756 (RefHi-25) 25 226 x10° 035
Recal-L025N0752 (Recal-25) 25 2.26 x 10°  0.35
Ref-L100N1504 (Ref-100) 100 1.81 x 10° 0.70

2.1 The EAGLE simulations

The cubic EAGLE volumes are treated as periodic, and the evolution of structure
within them is simulated using a modified version of the GADGET-3 TreeSPH
code (which is an update of the GADGET-2 code last described by Springel et al.
2005a). Simulations were performed for a range of volumes and numerical res-
olutions. We concentrate on the ‘reference” model in what follows, but also use
simulations with different resolutions and model calibration to assess conver-
gence properties. The free parameters that enter the feedback modules for the
reference model were calibrated using the redshift = = 0.1 galaxy stellar mass
function, the z = 0.1 stellar mass-size relation, and the » = 0 stellar mass - black
hole mass relation (see Crain et al. 2015 for motivation and details).

In this thesis, We make use of volumes L100N1504, L025N0376 and L025N0752
from table 2, and Recal from Table 3 of S15. In Table 2.1, and throughout, I refer
to these simulations as Ref-100, Ref-25, RefHi-25 and Recal-25 respectively. The
EAGLE suite assumes a ACDM cosmology with parameters derived from the ini-
tial Planck (Planck Collaboration et al., 2014) satellite data release (£2;,, = 0.0482,
Qaark = 0.2588, Q) = 0.693 and h = 0.6777, where Hy = 100 h km s™! Mpc™1).
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Some simulation details are also listed in Table 2.1, and the z = 0.1 galaxy stellar
mass functions that emerge in the Ref-100 and Recal-25 volumes are shown for
reference in Fig. 2.1.

I focus primarily on the Ref-100 simulation volume. The 100* Mpc® volume
and mass resolution of 1.2x10°M, in gas for Ref-100 provides a sample of ~30,000
galaxies resolved by > 1000 star particles at redshift = = 0.1, with ~3000 galaxies
resolved by > 10,000 star particles. In addition to this primary sample of galax-
ies, we also use the higher-resolution RefHi-25 and Recal-25 simulations to test
the level of ‘strong” and ‘weak’ convergence. These concepts are coined by S15
and discussed fully therein; in essence, strong convergence refers to how well sim-
ulated properties agree when only resolution is changed and weak convergence
refers to the level of agreement between resolutions when feedback parameters
are allowed to be recalibrated. While strong convergence represents the popu-
lar definition of convergence, weak convergence acknowledges that the feedback
modules represent processes that are far from resolved, and that the efficiency
of feedback and cooling in the implemented models are explicitly tied to resolu-
tion. In this way, strong convergence tests convergence properties for a certain
parametrisation of a given feedback model, whereas weak convergence is more a
test of the model implementation itself.

The RefHi-25 and Recal-25 volumes have a factor 2 (2*) superior spatial (mass)
resolution than Ref-100. As RefHi-25 uses the same fiducial model at high reso-
lution (with the same initial phases and amplitudes of the Gaussian field), it may
be used to test the strong convergence of galaxy properties. The feedback effi-
ciencies adopted by Recal-25 were recalibrated to provide better agreement with
the z = 0.1 galaxy stellar mass function at high resolution and to test the weak
convergence (see also C15). In addition, the Ref-25 simulation can be compared
to Ref-100 to isolate volume effects; differences caused by the inability of smaller
volumes to capture large scale power in the density distribution and to form the
most massive halos.

The initial conditions of all EAGLE simulations were generated appropriately

for a starting redshift of z = 127 using an initial perturbation field generated with
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Figure 2.1: Galaxy stellar mass functions for the Ref-100 and Recal-25 EAGLE vol-
umes at z = 0.1. The comoving number density of galaxies per dex in stellar mass
is potted as a function of log,,(M, /M), using dashed lines to indicate when the
number of simulated galaxies in a bin falls below 10 and dotted lines to show
the regime where resolution effects are deemed important. For comparison, the
mass functions of Li & White (2009) and Baldry et al. (2012) (derived from ob-
servations) are also plotted. For galaxy stellar masses well represented (in terms
of number and resolution) by EAGLE, the mass function generally reproduces
the observations well. However, a consistent ~ 0.2 dex underprediction of the
observed number density is noted around the ‘knee’. Figure reproduced from

(Schaye et al., 2015), refer to their text for details.
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the PANPHASIA code described by Jenkins & Booth (2013). Smoothed particle
hydrodynamics (SPH) is implemented as in Springel et al. (2005a), but using the
pressure-entropy formulation of Hopkins (2013), including artificial conduction
and viscosity (Dehnen & Aly, 2012), a time-step limiter (Durier & Dalla Vecchia,
2012), and the C2 kernel of Wendland (1995). These modifications to the standard
GADGET-3 implementation are collectively termed as ANARCHY (Dalla-Vecchia,
in prep., summarised in Appendix A of S15). Schaller et al. (2015a) show that
these ANARCHY modifications are important in the largest EAGLE halos, but have
minimal effect on galaxies of stellar mass M, < 10"Mg, . To represent important
astrophysical processes acting on scales below the resolution of EAGLE, a number
of subgrid modules are also employed in the code. Relevant modules include
schemes for star formation, enrichment and mass loss by stars, photo-heating,
radiative cooling and thermal feedback associated with accreting black holes and
the formation of stars, as described below.

A crucial aspect of EAGLE is that the parameters describing the subgrid mod-
ules have been calibrated on the observed z ~ 0.1 GSMF and galaxy sizes. This
good agreement extends to many other observables that were not considered dur-
ing the calibration, such as specific star formation rates (515), the evolution of the
GSMF (Furlong et al., 2015), molecular hydrogen fractions (Lagos et al., 2015b),
and absorption by intergalactic metals and neutral hydrogen (S15, Rahmati et al.,

2015).

21.1 Subgrid Modules

Star formation is treated stochastically in EAGLE. Star formation rates (SFRs) are
calculated for individual gas particles using a pressure-dependent formulation of
the empirical Kennicutt-Schmidt law (Kennicutt, 1998a; Schaye & Dalla Vecchia,
2008), with a metallicity-dependent density threshold below which star forma-
tion rates are zero (Schaye, 2004). Gas particles therefore may have some proba-
bility of being wholly converted into a star particle at each time step, inheriting
the initial element abundances of their parent particle. The gravitational soften-

ing scales listed in Table 2.1 provide a practical limit on spatial resolution. Cold,
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dense gas (T' < 10* K, ny > 0.1 cm™?) with Jeans lengths below these scales
is thus unresolved, and any corresponding gas would artificially fragment in
the simulation. To ensure that the Jeans mass of gas is always resolved (albeit
marginally), a pressure floor is enforced via a single-phase polytropic equation of
state, Pgog o< p®s, maintaining ISM gas at 7' 2 104 K,.

Once formed, star particles are treated as coeval simple stellar populations
(SSPs), assuming a universal Chabrier (2003) stellar initial mass function (IMF)
over the mass range [0.1,100] Mg. It is assumed that all the stars represented
by the SSP inherit the metallicity of the converted gas particle, with a single age
corresponding to the expansion factor at which the gas particle was converted.
These SSPs lose mass and enrich neighbouring gas particles according to the pre-
scription of Wiersma et al. (2009b), accounting for type Ia and type II supernovae
and winds from massive and AGB stars. Eleven individual elements (H, He, C,
N, O, Ne, Mg, Si, S, Ca, and Fe) are followed, as well as a ‘total” metallicity (the
mass fraction in elements more massive than He), Z.

Two types of abundances are tracked for the gas in EAGLE, a particle abun-
dance that is changed through direct enrichment by star particles and a smoothed
abundance that smooths particle abundances between neighbours using the SPH
kernel (see Wiersma et al., 2009b). Diffusion is not implemented in the simula-
tion, therefore no metals are exchanged between gas particles. This may occa-
sionally lead to individual particles exhibiting extreme values as well as large
variations in metallicity, even for close neighbours. Although the SPH smooth-
ing is not strictly representative of metal diffusion, it does mitigate extreme val-
ues and reduces stochasticity in the metal distribution. For this reason we adopt
the smoothed metallicities throughout this thesis, which were also used to compute
cooling rates and nucleosynthetic yields during the simulation.

The energy that stellar populations inject into the inter-stellar medium (ISM)
through supernovae, stellar winds and radiation is collectively termed stellar feed-
back. Stellar feedback is implemented per star particle (and is separate from
enrichment) using the thermal feedback scheme described by Dalla Vecchia &

Schaye (2012). This implementation sets a temperature change ATgp, the temper-
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ature by which stochastically sampled gas particle neighbours of stars are heated.
The value of ATsp = 107°K is chosen for the reference model; this is high enough
to mitigate catastrophic numerical losses, while low enough to prevent the prob-
ability of heating for neighbouring gas particles, psr, from becoming small and
leading to poor sampling (see S15). The psr value depends on both ATgr and
the fraction of energy that couples to heat the ISM. The latter fraction is allowed
to vary with local gas properties and is calibrated to reproduce observed local
galaxy sizes, as detailed by C15.

Black holes are seeded in halos with mass exceeding 10'°A~*M,, following
Springel et al. (2005a). The most-bound gas particle is then converted to a black
hole particle with a subgrid mass of 10°h2'Mg, and is systematically moved to
the position of the most bound neighbouring particle of its host halo at each
timestep while its mass is below 100m,. The black hole grows in mass by sub-
grid Eddington-limited accretion of gas, while accounting for the gas angular
momentum as detailed in S15 and Rosas-Guevara et al. (2015). Black holes may
also grow by merging with each other, following Springel (2005) and Booth &
Schaye (2009). A fixed 1.5% of the rest-mass energy in accreted material provides
the energy budget for black hole feedback. This is implemented using a similar
stochastic scheme as used for injecting stellar feedback, but with a higher heat-
ing temperature (ATgy = 10%°K for the reference models, and 10°K for Recal-25).
Note that the AGN feedback in EAGLE is single mode, as opposed to a popular
approach of implementing distinct quasar and radio modes with different be-
haviours (e.g. Bower et al., 2006; Sijacki et al., 2007)

Photo-heating and radiative cooling are also implemented; this follows the
prescription method of Wiersma et al. (2009a), based on the 11 elements traced.
This model assumes that gas is optically thin and in photo-ionisation equilibrium

with the cosmic UV+X-ray background as calculated by Haardt & Madau (2001).

2.1.2 Structure Finding

Dark matter halos are identified using the ‘friends-of-friends’ algorithm (FOF,

Davis et al. 1985). A length of 0.2 times the mean inter-particle separation (Lacey
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& Cole, 1994) is used to link particles in regions that are overdense by a factor
of ~ 200 into FOF halos. Other particles are assigned to the same halo (if any)
as the nearest dark matter particle. The mass of the halo is characterised by its
Moo erit value. This is the mass enclosed within a sphere of radius Ry «rit, centred
on the location of the particle with minimum gravitational potential in the halo.
The radius is chosen such that the mean density within this sphere is 200 times
the critical density, given the assumed cosmology. Subhalos are identified with
the SUBFIND algorithm (Springel et al., 2001; Dolag et al., 2009).

SUBFIND identifies self-bound substructures within halos which are associated
with galaxies. The ‘central” galaxy is the galaxy closest to the centre of the parent
FOF halo; this is nearly always also the most massive galaxy in that halo. The
other galaxies in the same halo are its satellites. Particles in a halo not associated
with a bound substructure (i.e. satellites) are assigned to the central galaxy. Cen-
tral massive galaxies (M, > 10" Mg, say) then have an extended halo of stars
around them, usually referred to as intra-group or intra-cluster light. Determin-
ing the mass or indeed luminosity of such a large galaxy is ambiguous, both in
simulations and in observations. For this reason an aperture is imposed on the
definition of a galaxy: I follow Schaye et al. (2015) and calculate masses and lumi-
nosities for every subhalo, excluding material that is outside a 30 pkpc spherical
aperture centred on the subhalo potential minima as well as material that is not
bound to that subhalo. The 30 pkpc aperture has been shown to mimic an ob-
servational Petrosian aperture, and reduces intra-cluster light in massive centrals
while lower mass galaxies are unaffected (Schaye et al., 2015). This aperture defi-
nition of galaxies is used throughout this thesis for consistency, and the choice of
aperture is discussed further in chapters 3 and 5.

Merger trees are constructed to link halos and subhalos identified in differ-
ent snapshots by Qu et al. (2017), enabling individual structures to be followed
through time. This provides the basis for the EAGLE database described by McAlpine

et al. (2016)'; the database uses an SQL interface to simplify structure selection

"http://icc.dur.lac.uk/Eagle/database.php
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and merger tree traversal, such that the evolution of integrated halo and subhalo
properties (calculated from snapshot outputs) may be tracked easily. Chapter 4
exemplifies a study that uses the EAGLE database to follow the evolution of galax-

ies on an individual basis.

2.1.3 GAMA and SDSS survey data

Appropriate observational data sets are needed for comparison to the observable
quantities modelled for EAGLE galaxies in the following chapters. Here I very
briefly describe the data sets that are chosen for comparison.

The Galaxy and Mass Assembly (GAMA) survey (Driver et al., 2009; Robotham
et al., 2010; Driver et al., 2011) is a spectroscopic and photometric survey of 5 in-
dependent sky fields, undertaken at the Anglo-Australian Telescope, and using
the 2dF/ AAOmega spectrograph system. The 3 equatorial fields we consider fol-
low up targets from the Sloan Digital Sky Survey (SDSS) Data Release 7 (DR7)
(York et al., 2000; Abazajian et al., 2009a) and the UK Infrared Digital Sky Survey
(UKIDSS), yielding a sample of ~ 190, 000 galaxies with SDSS ugriz and UKIDSS
Y JHK photometry (Hill et al., 2011; Taylor et al., 2011) and spectra covering the
wavelength range 3700A to 8900A, with a resolution of 3.2A (Sharp et al., 2006;
Driver et al., 2011). Details are provided on the targeting and star-galaxy sepa-
ration in Baldry et al. (2010) and on the GAMA-processed photometry, including
matched aperture photometry from u to K in Hill et al. (2011).

The GAMA survey strategy provides high spectroscopic completeness (Robotham
et al., 2010) and accurate redshift determination (using AUTOz; Baldry et al.,
2014) for galaxies, above an extinction-corrected r-band Petrosian magnitude limit
of 19.8. The galaxy stellar mass estimates and rest frame photometry for the
GAMA sample used in chapters 3 and 5 are taken from Taylor et al. (2015). The
high completeness and accurate redshifts of GAMA, which is volume limited and
has precisely known redshifts, is well suited for comparison with EAGLE.

Emission line indices in GAMA were measured assuming single Gaussian pro-
files, a common redshift for adjacent lines, and a stellar continuum correction

simultaneously fit to each spectrum around the measured lines, as described by
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Hopkins et al. (2003) and Gunawardhana et al. (2013, 2015). Emission line fluxes
are corrected for stellar absorption as described by Hopkins et al. (2003). Dust
corrections are obtained using the stellar absorption corrected Balmer emission
line flux ratios, also described by Hopkins et al. (2003). The uncertainties asso-
ciated with correcting Balmer lines for stellar absorption are discussed in both
Hopkins et al. (2003) and Gunawardhana et al. (2013).

Derived Ha luminosities and star formation rates are taken from Gunaward-
hana et al. (2013). Their emission line galaxies (ELGs) are initially selected to have
Ha fluxes above the detection limit of 25 x 1072° Wm™? and a signal-to-noise ratio
of > 3, with active galactic nuclei (AGN) identified and removed using standard
[NT1]A6584A /Ha and [O111]A\5007A /H/3 diagnostics (Baldwin et al., 1981). The
GAMA sample is supplemented with SDSS galaxies with detected Ha emission
and signal-to-noise >3 from the MPA-JHU catalogue?, as the brightest ELGs ob-
served by SDSS were not re-observed by GAMA.

Measurements of the 4000A break (D4000) are also used in this thesis. For
this, we compare to values measured directly from the SDsS DR7 data (Strauss
et al., 2002; Abazajian et al., 2009a). We compare a stellar mass-matched sample
of EAGLE galaxies to the publicly available sDss D4000 values measured for the
MPA-JHU'! catalogue using the code of Tremonti et al. (2004), with the index de-
fined as in Bruzual (1983). For SDSs data, we use the mass estimates of Kauffmann

et al. (2003a).

Zhttp:/ /www.mpa.mpa-garching.mpg.de/SDSS/DR7/



Chapter 3

EAGLE Photometry

This chapter comprises an edited version of the article: Colours and luminosi-
ties of z=0.1 galaxies in the EAGLE simulation, James W. Trayford, Tom Theuns,
Richard G. Bower, Joop Schaye, Michelle Furlong, Matthieu Schaller, Carlos S. Frenk,
Robert A. Crain, Claudio Dalla Vecchia, lan G. McCarthy published in MNRAS Sep.
2015, vol. 452 p. 2879, with appendices compiled in Appendix A.

3.1 Introduction

As described in chapter 2, the subgrid physics modules of the EAGLE simulation
suite (Schaye et al., 2015; Crain et al., 2015) are primarily calibrated using the
z ~ 0.1 Galaxy Stellar Mass Function (GSMF). The GSMF is not directly observ-
able, rather it is inferred from inverse modelling of observations (see chapter 1).
This requires corrections for distance, redshift and dust obscuration, and the use
of stellar population synthesis (SPS) models that involve assumptions about stel-
lar evolution, star formation histories, metallicity dependence of stellar emission,
etc. With simulations such as EAGLE, we can take a converse forward modelling
approach, attempting to reproduce the observational relations by inputting phys-
ical quantities tracked by the simulation. This has the advantage of allowing one
to use properties modelled self-consistently such as gas content, metallicity and
age to derive observable quantities, rather than treating them as free parameters

in ‘SED fitting’ (e.g. Walcher et al., 2011) to estimate physical properties from ob-
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servations. The colours of EAGLE galaxies are also an important test of the realism
of the fiducial EAGLE model.

In this chapter we examine to what extent mock luminosities computed from
EAGLE galaxies using SSP models and a simple correction for dust obscuration
reproduce the observed luminosity functions (in a range of broad bands), as well
as galaxy colours. The aim is twofold: to provide a test of the realism of EAGLE,
but also to test at some level whether the procedure of going from luminosity to
stellar mass is reliable, also investigated by Torrey et al. (2014) using SED fitting
of galaxies from the ILLUSTRIS simulation (Vogelsberger et al., 2014). It is per-
fectly possible that EAGLE galaxies have the wrong colours but the right stellar
masses and stellar ages if errors in dust modelling are severe. However, if masses
and colours agree with the data, then this increases the confidence that EAGLE is
useful to investigate, for example, the origin of the observed bimodality of galaxy
colours, or the nature of the galaxies that lie in between the red sequence and blue
cloud in a colour-magnitude diagram. These topics in particular are explored in
chapter 4.

The chapter is organised as follows. In §3.2 we detail the development of our
photometric model, concentrating on emission and absorption in §3.2.1 & §3.2.2
respectively. This model is applied to yield an optical colour-magnitude diagram
(CMD) and multi-band luminosity functions (LFs) for galaxies, which are plotted

and discussed in §3.3. We discuss our findings in §3.4 and summarise in §3.5.

3.2 Photometry

Here we compute luminosities and colours for the simulated EAGLE galaxies.
We begin by modelling luminosities of star particles, taking into account their
ages and metallicities using population synthesis (section 3.2.1), the photometric
system used to calculate magnitudes for direct comparison to observation (sec-
tion 3.2.1.3), and the effects of dust absorption (section 3.2.2). The results of this
section are summarised in Fig. 3.1, in which we plot histograms of g — r colours

of EAGLE galaxies in narrow stellar mass bins for different models, ranging from
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a simple emission model without dust, to a model including a multivariate treat-

ment for dust.

3.21 Source Modelling

We compute luminosities of EAGLE galaxies from the ultraviolet (UV) to the near
infrared (NIR). We limit this modelling to stellar emission, neglecting both nebu-
lar emission lines and light from AGN. Light absorbed by dust is assumed to be
re-emitted in the far infrared which we do not study in this chapter. As we also
neglect scattering by dust, we treat individual wavelength bands independently.
This approximation is supported by observations showing that scattering is a
negligible contributor to the observed attenuation curve in galaxies (eg. Fischera
et al., 2003).

Population synthesis models provide spectra for a discrete range of simple
stellar populations (SSPs) (e.g. Bruzual & Charlot, 2003; Maraston, 2005; Leitherer
etal., 1999). These SSPs represent populations of stars characterised by their total
initial mass, formation time, and composition while assuming some stellar IMF.
By decomposing the stellar component of an observed galaxy into a superposi-
tion of SSPs, the spectral energy distribution of an entire galaxy can be approx-
imated. In EAGLE, we treat each star particle as an SSP with given initial stellar
mass, metallicity and age. These values are set and held fixed from the instant a
star particle is formed, where the star particle inherits the gas particle mass and
metallicity at the time of formation. The parametrisation of the SSP models are

elaborated further below.

3.2.1.1 SSP Ingredients

Given the implementation of star formation, where gas particles are wholly con-
verted into star particles, the typical mass of an EAGLE star particle is ~ 10M.
Stars are assumed to form with a Chabrier (2003) IMF (for consistency with the
evolutionary models used in EAGLE), and they inherit the SPH-smoothed metal-

licity, Z, from their parent gas particle. The mass of a newly formed star particle
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is purely set by numerical resolution; the particle should not be thought of as
representing a star cluster. In fact, 10° My, is higher than the stellar mass formed
in giant HII regions (e.g. Relafio & Kennicutt, 2009; Zaragoza-Cardiel et al., 2014).
This poor sampling of star formation has the potential to adversely affect lumi-
nosities of EAGLE galaxies. Indeed, a single recently formed star particle can affect
the colour of a galaxy. We try to mitigate this numerical artefact by employing a
finer sampling of the star formation history of recently formed stars. We do this
by assuming that the star formation rate of gas particles is constant over the past
100 Myr, and randomly spawning star particles of mass 10* M, that on average
represent this constant star formation rate. We do the same for recently formed
star particles (age < 100 Myr), using the star formation rate of the progenitor gas
particle at the time of birth. We note that this typically has only a small effect for
optical colours and thus for the results presented here.

The metallicity of stars affects their colours resulting in the well-known age-
metallicity degeneracy (e.g. Worthey, 1994). In addition, Z affects stellar evolu-
tion leading to differences between models, particularly for the AGB phase (e.g
Inoue, 2012; Stancliffe & Jeffery, 2007). In addition, the metallicity of stars in EA-
GLE galaxies is set by the intricate interaction between enrichment of the ISM,
gas accretion, and the extent to which galactic winds transport metals into the
galaxy’s circum- and intergalactic medium. The details of such metal mixing are
still poorly understood and numerically challenging to model. Hence, there is no
a priori guarantee that EAGLE yields realistic stellar metallicities.

The stellar mass - metallicity (M, — Z,) relations provide a useful way of char-
acterising stellar abundances as a function of galaxy mass, and as shown in 515,
the Ref-100 model yields stellar and gas-phase metallicities consistent with ob-
servations (Tremonti et al., 2004; Gallazzi et al., 2005; Zahid et al., 2014) for stellar

masses M, > 10'"°M,. However, lower-mass galaxies in EAGLE tend to be more

~Y

metal-rich than observed, with numerical resolution playing a role: the higher-

resolution Recal-25 simulation agrees with the data for M, < 10°Mg. It should

Y

also be noted that there are large systematics on the observed mass-metallicity

relations (e.g. Kewley & Ellison, 2008). We investigate the impact of stellar metal-
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licity (Z,) on EAGLE colours in more detail in Appendix A.3. In our analysis,
we use the EAGLE SPH-smoothed metallicities (Wiersma et al., 2009b) for each

particle, which yield less noisy estimates of Z,.

3.2.1.2 Stellar Population Synthesis (SPS) Modelling

We adopt the GALAXEV population synthesis models of Bruzual & Charlot (2003),
which provide the spectral energy distribution (SED) per unit initial stellar mass
of a SSP for a discrete grid of ages (ranging from ¢t = 10° to 2 x 10'° yr) and
metallicities (ranging from Z, = 10 to 0.05). We compute the SED for each
stellar particle by interpolating the GALAXEV tracks logarithmically in age and
Z,, and multiplying by the initial stellar mass. The simulated stellar metallicities
reach higher values than the models of Bruzual & Charlot (2003) can represent,
with ~ 1.5% of star particles possessing super-enriched (Z, > 0.05) values. We
extrapolate the model to predict colours for the highest metallicities!. We note
that the more conservative approach of not extrapolating introduces a bias.

The GALAXEV spectra are based on stellar emission alone. These models are
widely used, and have been shown to fit the local galaxy population in the opti-
cal bands with reasonable star formation and enrichment histories when used in
conjunction with a dust model (e.g. Charlot & Fall, 2000; Cole et al., 2000). The
choice of population synthesis model has been shown to be largely unimportant
for low-redshift galaxy populations, especially in optical bands (e.g. Gonzalez-
Perez et al., 2014b). The effect of different models (e.g. Maraston, 2005; Conroy
et al., 2009), and in particular the more uncertain impact of thermally-pulsing
AGB stars (TP-AGB) on the SED, should however be considered when surveying
higher redshift (z 2 1) galaxy populations (e.g. Maraston, 2005; Gonzalez-Perez
et al., 2014a).

The Bruzual & Charlot (2003) models specify Z, values as absolute metal-

mass fractions, where Z, affects the colours of stars through its impact on stellar

'We find that the effect of extrapolating metallicities, as opposed to clipping metallicities to

that of the highest metallicity GALAXEV spectra, has a small (< 2%) effect on the optical colours.
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structure and evolution - for example via the opacity, equation of state and mean
molecular weight - and on stellar atmosphere models. Even so, the metallicity of
the Sun (Z) does enter the population synthesis models because some parame-
ters, such as the mixing length, are calibrated based on solar observables (Bres-
san et al., 1993). Recent literature determinations of Z have shown significant
variability, with a minimum of Z; ~ 0.0126 (e.g. Asplund et al., 2004) from the
traditional value of Z; = 0.02 assumed in Bruzual & Charlot (2003). Although
the EAGLE simulations do not make use of any particular solar abundance pat-
tern or Z; value, a relatively low value of Z; = 0.0127 (Allende Prieto et al,,
2001) has been assumed in analysis for consistency with Wiersma et al. (2009b)
(e.g. S15). The variation of Z;, generally results from a different determination of
the abundance of some important element, such as O, N, C or Fe which also im-
plies a variation of the abundance partition in the Solar model. In principle one
should use GALAXEV SSP models with an abundance partition consistent with
the assumed value of Z, and take into account effects arising from the different
mixing length calibration, to compute colours self-consistently. For now we ne-
glect any such changes and use the original GALAXEV SEDs, as the effects of this
change on broad-band colours are expected to be small, as long as one makes use

of the absolute value of the metallicity (Bressan 2014 private comm.)?.

3.2.1.3 Photometric System

Given the SED for each star particle in the simulation, and a model for attenu-
ation due to dust as a function of wavelength, we could compute the SED for
each galaxy, and calculate a broad-band magnitude by convolving with a broad-
band filter. Here we use a much simpler method, namely we first convolve the
GALAXEV spectra (for each value of age and metallicity) with broad-band filters
to obtain ‘un-obscured’ broad-band luminosities. We use these to obtain a broad-

band luminosity for an EAGLE galaxy. We only then take into account dust atten-

2We are grateful to S. Charlot and A. Bressan for their detailed explanation of the impact of Z,

on the GALAXEV model.
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uation (as described below). If, as we assume, the wavelength dependence of the
dust attenuation is not very strong (i.e. the optical depth does not vary strongly
over the wavelength extent of the filter), then these two approaches yield very
similar results. For the dust models discussed below, we verified that this is in-
deed the case (section 3.2.2).

We use the ugrizYJHK photometric system for optical and near infrared pho-
tometry, to enable a direct comparison to the GAMA survey (described in Driver
et al.,, 2011; Hill et al., 2011). The GAMA filter system is based on that of SDSS
(technical description in York et al., 2000) and UKIDSS, (technical description in
Lawrence, 2007). Note that when calculating photometry below, filter transmis-
sion curves include atmospheric absorption to enable a like-for-like comparison
of simulation and observation. All magnitudes are calculated as rest-frame and
absolute in the AB-system (Oke, 1974) in which the apparent magnitude mp is
defined as

map = —2.5log,(F,) — 48.6, (3.2.1)

where F, is the isophotal flux density (in cgs units) in a particular band (e.g.

Tokunaga & Vacca, 2005).

3.2.14 Choice of aperture

Individual EAGLE ‘galaxies” are identified as described in chapter 2. We select
galaxies with at least 100 star particles, whose stellar mass is reasonably well
converged numerically (S15). The line of sight is chosen consistently to lie along
an axis of our simulation coordinates, yielding an essentially randomised orien-
tation for each galaxy.

Massive galaxies (M, 2> 10'°°Mg) in EAGLE have up to ~ 40% of their stel-
lar mass in an extended halo beyond 30 pkpc of the galaxy centre (‘intra-cluster
light” since most of these massive galaxies are at the centre of a group or clus-
ter). Observationally, such galaxies also tend to have extended light distributions
and, unsurprisingly, the luminosity assigned to them depends on how such light
is taken into account (e.g. Bernardi et al., 2013). We apply a constant aperture of

30 pkpc centred on the minimum of the gravitational potential of each subhalo
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for measuring the total luminosity, L, of a galaxy, as discussed in chapter 2. The
luminosity and colour of a galaxy with a significant intra-cluster light component
do depend on whether we apply a 2D aperture or a 3D aperture. This change in
colour is due to colour gradients but also due to the inclusion or exclusion of
small blue satellite objects below the significance of those identified by SUBFIND.
This is a similar issue to that encountered when isolating galaxies in astronomical
data using software such as SEXTRACTOR (Jackson et al., 2010). We choose to ap-
ply a 3D spherical aperture, consistent with our previous analysis (515, Furlong
et al. (2015)). Such an aperture is shown in 515 to yield similar stellar masses to a
Petrosian aperture, often used in observational studies.

The aperture definition is not standardised in observations, and can make a
difference when a considerable fraction of stellar material lies outside the aper-
ture. This is illustrated for the Kron and Petrosian apertures in Driver (2012),
where luminous galaxies with high Sérsic indices yield different magnitudes.
Similarly, when analysing our simulations, the luminosities of EAGLE galaxies
with M, > 10"M,, are sensitive to the exact choice of aperture size. However,
this is not the case for lower mass galaxies, for which the fraction of light in an

extended halo is much lower.

3.2.1.5 Model N

The procedure for obtaining EAGLE galaxy photometry outlined above (sections
3.2.1.1-3.2.1.4) provides a model with no consideration of dust effects. This is
hereafter referred to as model N. Model N provides a basis for comparison with
photometry corrected for dust attenuation, as described below (sections 3.2.2.1-
3.2.2.3). Panel a) of Fig. 3.1 shows the g — r colour distribution of EAGLE galaxies

for this model.

3.2.2 Dust models

We develop a simple empirically calibrated model for dust absorption, as opposed

to a more physical modelling using ray-tracing, which I will present in chapter
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5. One advantage of such a model is that we can easily disentangle the effects of
dust from those of the SPS modelling on galaxy colours. In addition, if we model
dust attenuation using galaxy parameters that are provided by EAGLE but can
also be inferred through observation, then we may calibrate the reddening of EA-
GLE galaxy colours empirically to reproduce observed trends. Keeping our dust
model parametrisation independent of certain quantities, such as the gas distri-
bution, also allows us more freedom to investigate the extent to which certain
assumptions affect galaxy colours.

In our modelling, dust corrections are applied as a multiplicative factor that
reduces a given broad-band luminosity. This factor is estimated at the effective
wavelength of each filter (SDSS filter parameters taken from Doi et al. 2010,
UKIRT filter parameters taken from Hewett et al. 2006), for a given dust prescrip-
tion (neglecting changes in the dust opacity within a broad-band filter is a good
approximation provided the dust model has a smooth wavelength dependence).
In this way, dust obscuration depends on the subhalo properties of a galaxy alone,
and we avoid handling entire SEDs and generating a new interpolation grid for
each galaxy. This makes the analysis process very efficient. The approximation
that reddening can be applied after the spectrum has already passed through a
filter affects the g — r optical colours by < 0.02 mag over the whole interpolation

grid for the constant optical depth model discussed below.

3.2.2.1 Model GI: Galaxy-independent dust model

We begin by discussing the simplest dust model introduced by Charlot & Fall
(2000), hereafter referred to as CF. This model includes two contributions to the
dust optical depth in a galaxy (74): (i) a transient component due to dust in stellar
birth clouds (7y.), and (ii) a constant dust screen that represents dust in the ISM

(Tism)- The transmission 7" of this model is

—-0.7
eXp <_ [%bc + 7A_ism] (}%) ) fOI' tl S tdisp/

—0.7
exp <_7A_ism (%) ) fort' > tdisp-

Here, t' is the stellar particle’s age, tais, is the dispersal time of the stellar birth

T 1) (3.2.2)
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cloud, X is the wavelength of light, and 7, and 7. characterise the total dust
optical depth (due to ISM and birth-cloud, respectively), at wavelength \,. When
a model SED of a galaxy is fit to an observed galaxy, 7ism and 7, can be used as
titting parameters to model dust (e.g. da Cunha et al., 2008). Alternatively, these
parameters can be assigned constant values to model dust for a given popula-
tion of galaxies as in Bruzual & Charlot (2003), but this does then not allow for
variations between galaxies.

As a first approximation we simply take 7, and 7, to be constants,

The = 0.67

with A\, = 5500 A and tdisp = 107 y1, which were calibrated to fit starburst galaxies
and were used for the recent analysis of the ILLUSTRIS simulations (Vogelsberger
et al.,, 2014) by Genel et al. (2014) and Torrey et al. (2014). With the optical depths
fixed, the colours of an EAGLE galaxy will only depend on the SSP modelling.
Such an approximation was also used in the development of the GALAXEV model,
where it was shown to work well when SED fitting a subset of the SDSS survey
at z = 0.1 (Bruzual & Charlot, 2003). The effect of this simple dust model on g —r
colours can be seen by comparing panels a and b in Fig. 3.1, and is discussed in
more detail below.

In this simple model (model GI), the strength of the two screen components
are fixed for each galaxy (and hence do not depend on e.g. its gas mass or metal-
licity) and are also independent of orientation. We discuss refinements of the dust

model next.

3.2.2.2 Model GD: ISM-dependent dust model

To account for variations in metal enrichment in the interstellar medium (ISM)
of galaxies, we use the mass-weighted SPH-smoothed metallicity (Wiersma et al.,
2009b) calculated for star-forming gas in each EAGLE subhalo, Zsp. This metallic-
ity calculation is chosen to imitate observational measurement techniques (Tremonti

et al., 2004; Zahid et al., 2014). As demonstrated in 515, the mass-metallicity rela-
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tions in EAGLE are significantly affected by resolution, with the Recal-25 simula-
tion showing better agreement with the observed Z, — M, relation from Tremonti
et al. (2004) than Ref-100 for M, < 10'°M3>. Near the knee of the mass function,
however, the EAGLE mass-metallicity relation agrees well with observation (see
S15).

We take the analytic expression for the M, — Z;, mass-metallicity relation at
z = 0.1 of Zahid et al. (2014), Z714(M,), evaluated at the Milky Way stellar mass,
Myw = 6.43 x 10" My (McMillan, 2011), as the ISM metallicity represented by
the optical depth values of Eq. (3.2.2). Assuming optical depth is proportional to
metallicity, we then scale the optical depths 7. and 7isy that appear in Eq. (3.2.2)
by the factor

The — Zsr Th
¢ Zza(M, = Myw) ¢
Zsk

7A—isma
ZZl4(M* = MMW)

. (3.2.4)

~
Tism

for each EAGLE galaxy, using the optical depth values of Eq. 3.2.3.

Making the dust optical depth depend on metallicity is physically well moti-
vated, as it is indicative of the fraction of ISM mass in dust grains. Therefore, we
must also take account of the gas mass to quantify how much dust is available for
obscuration. We do so by making the dust optical depth dependent on the cold
gas mass - but still neglect how that gas is distributed.

We approximate the cold gas mass, Mgy, by the mass in star-forming gas,
which in EAGLE means gas above a given metallicity-dependent density thresh-
old and below a given temperature (see S15). We then scale the birth cloud and
ISM dust optical depths by the ratio of Mgy for the galaxy over the value for the
Milky Way (which we take to be 10 per cent of M,; Mo et al., 2010; McMillan,
2011). This scaling is derived from observations indicating that optical depths

approximately scale with the overall gas surface density (3,) of galaxies (e.g.

3Note, however, that the observed mass-metallicity relation suffers from calibration uncertain-
ties that exceed the difference between Tremonti et al. (2004) and Ref-100 (Kewley & Ellison, 2008)
and that the more recent re-analysis by Zahid et al. (2014) falls in between Ref-100 and Tremonti
et al. (2004) (see figure 13 of S515).
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Grootes et al., 2013; Boquien et al., 2013). By taking 3, as approximately o< Misy/R.>,
and since the z = 0.1 stellar mass-size relation is relatively flat for both EAGLE
(515) and observed galaxies (Shen et al., 2003), we approximate that 7 oc 3, o
Mism. Neglecting the R, 2 dependence maintains a relatively simple parametri-
sation, and appears to have little effect on galaxy colours, due to the limited mass
range over which reddening is significant.

Such a scaling has the desired effect of reddening gas-rich spiral galaxies more
than gas-poor elliptical galaxies at the same M,. The galaxy g — r colour distribu-
tions for the model including metallicity and gas fraction dependent reddening
(model GD) are shown in Fig. 3.1c. For comparison, we also show the g — r
colour distributions for EAGLE galaxies where the value of Z;4(M,) is used in
Eq. (3.2.4), instead of Zgr. Because low Mgy values provide low optical depths
for the stellar mass range where EAGLE and observed mass-metallicity relations

differ (M, < 10'°M), both treatments produce similar distributions.

3.2.2.3 Model GD+O: ISM-dependent dust model with orientation effects

Finally, we represent the dependence of obscuration on orientation with a simple
toy model. We assume the dust geometry to be an oblate spheroid, with major to
minor axial ratio of ¢ = b/a = 0.2. This ¢ value is commonly used to represent an
axial ratio typical of the intrinsic stellar distribution in disc galaxies (e.g. Tully &
Fisher, 1977). We assign to each EAGLE galaxy an orientation w = cos(¢), where
¢ is the angle between the galaxy’s minor axis and the line of sight. To obtain a
random orientation we randomly sample w from a uniform distribution over the

interval [—1, 1]. The line-of-sight depth through the dust spheroid is then

B q
l(w)=ua VROt (3.2.5)

We then scale 7ig\ as

A

Tism

% Tism 5 (3.2.6)

so that the mean optical depth does not change. This scaling reduces the amount

—

of dust obscuration for most galaxies by a small amount, yet increases 7 by a fac-

tor ~ 2 for a small number of ‘edge-on’ systems. We assume a value of ¢ that
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is appropriate for discs, but we note that elliptical galaxies - provided they have
little cold gas - are not strongly reddened anyway, hence this orientation correc-
tion is not important for them. The g — r colour histograms including orientation
effects are shown as model GD+O in Figure 3.1d. We also show the colour distri-
butions produced using more oblate geometries, with axial ratio values ¢ = 0.1

and ¢ = 0.02, for comparison.

3.3 Results

In this section we examine the effects of dust modelling on the colours, luminosi-
ties, and colour-magnitude diagrams of EAGLE galaxies taken from the Ref-100

and Recal-25 models at redshift z = 0.1.

3.3.1 Galaxy colours as a function of stellar mass

We contrast g — r colours for EAGLE galaxies in narrow (0.3 dex) bins of M, for
different models of dust absorption in Fig. 3.1 (panels a-d). In all panels, the blue
line corresponds to the observed distribution from the GAMA survey (Taylor
et al., 2015). Different panels show models with no dust (model N, panel a), a
dust model that is independent of galaxy type (model GI, panel b), a model in
which dust opacity depends on metallicity and gas fraction (model GD, panel
¢), and finally a model that in addition accounts for orientation effects (model
GD+O, panel d). All models are shown as histograms, normalised to have unit
integral. Models including dust are plotted as solid histograms, while the dashed
histograms represent model N in all panels. Ref-100 distributions for the fiducial
dust models are plotted in black, whereas Recal-25 distributions are plotted (for
the lowest mass bin) in red. Model variations are also plotted for Ref-100, with a
model using the observed mass-metallicity relation in panel c shown in green (see
section 3.2.2.2) and models with alternative ¢ values in panel d shown in green
and yellow (see section 3.2.2.3).

The observed g — r colours shift from very red massive galaxies (usually

termed the ‘red sequence’), to a broader distribution in colours for 10%% < M, /My, <
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Figure 3.1: Rest-frame g — r colour distributions for EAGLE galaxies at redshift

z = 0.1, using 4 different models (panels a-d) for four non-contiguous ranges in

stellar mass as indicated in the legend (top to bottom). Black lines indicate the

fiducial Ref-100 galaxy population while red lines indicate the higher-resolution

Recal-25 simulation. Dashed lines denote the unobscured SED (model N); these

are repeated in each panel for comparison. Blue lines represent observed galaxy

colours for the volume-limited sample of GAMA galaxies from Taylor et al. (2015).

Models shown above are: model N without dust (panel a, see §3.2.1.5), model GI

with galaxy independent dust (panel b, see § 3.2.2.1). {continued on next page...}
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Figure 3.1: {Continued from previous page...} Panels show model GD where the
dust obscuration depends on gas fraction and metallicity (panel ¢, § 3.2.2.2), and
model GD+O that in addition takes into account orientation effects (panel d,
§ 3.2.2.3). Here, green and yellow lines also show model variations in panels ¢
and d (see sections 3.2.2.2-3.2.2.3 for details). Overall, the figure shows the subtle
quantitative effects that our different dust models have on the colour distribu-

tions of EAGLE galaxies in various M, regimes, as is discussed further in the text.
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10'%%, and finally a blue population (usually termed ‘blue cloud’) at lower stel-
lar masses. There is little evidence for a strong ‘bimodality” in observed colours
even though the data has often been interpreted that way (e.g. Kauffmann et al.,
2003a). Such an interpretation is perhaps due to the bimodality seen at a fixed
optical magnitude, where blue galaxies are pushed into higher luminosity bins.

Before comparing the models to the data, we investigate the effects of dust
modelling, going from high- to low-mass galaxies (top to bottom rows in panels
a-d). The most massive galaxies (10" < M, /M, < 10", top rows) have a
relatively extended intrinsic colour distribution (model N). Including a model
with dust reddening independent of galaxy properties incorrectly reddens the
reddest galaxies even more (model GI) but taking into account the relatively low
cold-gas masses of these galaxies returns the colours to close to their intrinsic
values (model GD). The tail of bluer massive galaxies is significantly affected
by dust, yielding a mono-modal distribution in the highest-mass bin. Including
orientation effects (model GD+O) gives a slightly broader colour distribution for
the fiducial axial ratio value of ¢ = 0.2.

A similar trend is noticeable for galaxies in the second most massive bin (10'%% <
M, /Mg < 10'2, second row from the top). Though the fiducial value of ¢ = 0.2
for GD+O produces a similar distribution to GD in this bin, varying ¢ values ap-
pears to have the strongest effect here. Smaller ¢ values show a more pronounced
bimodality, as the majority of galaxies are subject to less reddening, while a mi-
nority of ‘edge-on’ galaxies are heavily reddened to g — r colours 2 0.8.

The third bin (10 < M, /M, < 10'%1, third row from the top) also behaves
similarly: the intrinsically bluest galaxies get reddened slightly more than the
intrinsically red galaxies with scatter due to orientation having a negligible effect.

Finally, the colour distribution for galaxies in the least massive bin (1057 <
M, /Mg < 107, bottom row) is also shown for the Recal-25 simulation. There is
a large difference in colours between Ref-100 and Recal-25 for the least massive
galaxies, which is predominately a resolution effect: at the resolution of Ref-100

the star formation rates in these low-mass galaxies is underestimated (S15) which

makes the simulated galaxies too red. This striking resolution dependence is not
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surprising. In Ref-100, galaxies of mass M, ~ 10°M are represented by only
~ 10% star particles, and for a typical cold gas fraction of 10 per cent, by only
100 star-forming gas particles. We demonstrate in Appendix A.2 that red and

0'*! range* are

blue sequence colours for galaxies across the 10°% < M, /M, < 1
quite similar in Ref-100 and Recal-25 - which gives us confidence that Recal-25
gives numerically converged answers for the bottom row of Fig. 3.1. However,
the different environments probed by the Ref-100 and Recal-25 models also con-
tribute to the difference in colours, in particular the strength of the red sequence,
because the larger volume contains a population of satellite galaxies in massive
halos. This is also shown in Appendix A.2 and discussed further in section 3.4.
Taking into account dust obscuration and orientation effects has little effect on
the colours in Recal-25 for these low-mass galaxies, with model GD+O and N
yielding nearly identical colour distributions.

We now turn to comparing the colours of EAGLE galaxies to the data, going
from top (most massive) to bottom (least massive) bins in stellar mass and focus-
ing on model GD+O, Fig. 3.1d). At the massive end, the observed red sequence
galaxies are about 0.05 mag redder in the data than in EAGLE. As the optical
colours of old (2 10 Gyr) stellar populations are dominated by metallicity effects
(Bell & Rodgers, 1969), this small colour difference is attributable to SSP metallic-
ities. The M, — Z, relation for EAGLE galaxies (S15) is seen to lie slightly below
(by less than 0.1 dex) observational data in galaxies with M, /Mg > 10'!, result-
ing in a slightly bluer red sequence colour. The data also has a tail to even redder
colours not present in EAGLE. In contrast, the most massive EAGLE galaxies have
a tail to bluer colours resulting from recent star formation. It could be that such
star formation is shielded more effectively in the data (i.e. the value of 7, used is
too low), or alternatively that our AGN feedback scheme does not quite suppress
star formation sufficiently. The higher than observed gas fractions for galaxy clus-
ters in EAGLE (S15) could also contribute to the enhanced SFR of some simulated
BCGs.

%A larger mass range is used in Appendix A.2 than in the third row of Fig. 3.1 so that Ref-25

and Recal-25 are sufficiently sampled.
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The red sequence of galaxies with 10'%® < M, /M, < 10'°® is very similar
in the data and the simulation, but in EAGLE there are significantly more blue
galaxies. The blue cloud starts to appear in the data for galaxies with 10°% <
M, /My < 10'%1) and its colour is very similar in EAGLE. However, in EAGLE
the blue peak is stronger and the red peak occurs at a slightly redder colour (g —
r = 0.75 compared to the observed value of 0.7). Using smaller values of ¢ in
GD+O0 does not improve agreement with observation here. Dust reddening and
orientation effects already play little role in setting the colours of EAGLE galaxies
in this mass bin. Finally, in the lowest mass bin, 10*7 < M, /Mg < 107, there is
excellent agreement in the colour distributions of simulation and data and once
more our dust reddening models are unimportant in setting EAGLE colours.

This level of agreement between galaxy colours in the simulation and the data
is encouraging. By including metallicity and orientation effects in our dust treat-
ment, we prevent the significant colour shift seen in the simple GI model. The
validity of our dust model is discussed further in section 3.4. Despite the good
agreement, there are some clear discrepancies between EAGLE and the GAMA
colour distributions. These can be seen in the widths and relative strengths of
red and blue populations. The latter discrepancy reflects the finding of S15 that
the transition from actively star-forming to passive galaxies occurs at slightly (by
a factor of ~ 2) too high mass in EAGLE.

The dependence of galaxy colours on stellar mass is further illustrated in
Fig. 3.2, where the number density of galaxies in EAGLE with given rest-frame
g — r colour (computed using model GD+O) and stellar mass is compared to a
volume-limited sample of GAMA galaxies taken from Taylor et al. (2015). Results
are plotted down to stellar masses of 10*"M,,, below which volume corrections
due to the influence of line-of-sight structure become increasingly uncertain in
the data (Taylor et al., 2015). The colour bar shows the point density of EAGLE
galaxies and how these map to the Taylor et al. (2015) contours.

The first panel shows the galaxies taken from simulation Ref-100. The simula-
tion reproduces the trend seen in the data from galaxies being red above a stellar

mass of M, ~ 10'%°M,, to being predominantly blue below that. However, as also
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Figure 3.2: Rest-frame g—r colour-stellar mass diagrams for Ref-100 EAGLE galax-
ies using photometry model GD+O at z = 0.1. Coloured points represent the point
density of EAGLE galaxies of given M, and g — r colour (see text). Contours rep-
resent the colour-, distribution for a volume-limited set of GAMA galaxies from
Taylor et al. (2015), with grey points representing individual galaxies. The masses
of observed galaxies are obtained through SED fitting, see Taylor et al. (2015).
The colour bar covers 2 dex in point density with a contour spacing of 0.28 dex,
with contours mapped to equivalent densities in the colour bar. The transition
of colours of observed galaxies, from the red-sequence at stellar masses above
M, ~ 10'5M,, to the blue cloud at lower stellar masses, is reproduced in the sim-
ulation, although the blue cloud extends to slightly higher ), and lower-mass

EAGLE galaxies appear too red. {continued on next page...}
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Figure 3.2: {Continued from previous page...}. As the previous panel, but where
a composite set of EAGLE galaxies obtained by combining the higher-resolution
model Recal-25 for galaxies with M, < 10° Mg and Ref-100 for M, > 10° Mg
(right panel), cross-fading the sampling probability of the two galaxy populations
linearly in log,,(M,/Mg) (see text for details). The high resolution simulation

better reproduces the observed colours at low mass.
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seen in the previous figure, there is a population of red (¢ — r ~ 0.7) low-mass
(M, ~ 10°M;) galaxies in EAGLE that is not seen in the data. These galaxies are
modelled using only ~ 1000 star particles; the second panel of Fig. 3.2 therefore
uses the higher resolution simulation Recal-25 for galaxies below 10°M, and Ref-
100 above 10°M,, cross-fading one simulation into the other. This is achieved
by interpolating the frequency at which galaxies are randomly sampled from
the simulations for our scatter plot linearly in log()/,) between two values at
10°M, and 10'°M,,. This is from 1 to 0 for the Ref-100 simulation and from 0 to
32 for Recal-25 simulation respectively®. With this we aim to show the colour-
mass distribution for a larger range of well-resolved galaxies (2 1000 star par-
ticles), while avoiding a discontinuity that renders the overall distribution less
clear. This cross-fading is only intended to help in visualising the overall distri-
bution of g — 7 colours in EAGLE, taking advantage of the higher resolution at
low mass end and of the larger volume run at the high mass end. A quantitative
analysis of the colour distribution of EAGLE galaxies is shown in Fig. 3.1 and 3.5,
and discussed below.

Combining these two resolutions, the colours of EAGLE galaxies at given M,
track the data from the GAMA galaxies (Taylor et al., 2015) well. Both display a red
sequence of massive galaxies which becomes redder with increasing stellar mass,
and g—r ~ 0.7 at M, ~ 10'°°M,. The simulation also reproduces the width of that
sequence, albeit with a shallower slope. A blue cloud of galaxies appears both in
EAGLE and GAMA below M, ~ 10'°°M,, with g — r ~ 0.45 at M, = 10'%5M,,.
At decreasing stellar mass, the location of the blue cloud becomes bluer, reaching

g—r ~ 0.35at M, = 10° M. Overall we find that EAGLE reproduces the mean

The sampling frequency of Recal-25 galaxies in this plot are weighted a factor of 64 higher
than Ref-100 galaxies to account for the smaller volume and a further factor of 2 lower to account
for the boosted number counts in Recal-25 caused by poor sampling of large scale power in the
smaller volume. This means that for masses < 10°M, each Recal-25 galaxy contributes a factor of
32 more to the point densities in Fig. 3.2 than a Ref-100 galaxy at mass > 10°Mg. This weighting
is chosen to yield approximately the same number of galaxies plotted per unit stellar mass in the

second panel of Fig. 3.2 as in the first.
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trends in galaxy colours well. Though the eradication of the faint red sequence
in this sample is at least partly due to improved sampling, it also comes about
because these galaxies are much less abundant in the higher resolution Recal-25
simulation (further discussion of the origin of this faint red population can be
found in Section 3.4 and Appendix A.2).

In addition to the mean location of galaxy colours, there are outliers in both
data and simulation. The GAMA data display a scatter to extremely red colours
(g —r > 1) at all stellar masses only seen for one high-mass outlier in EAGLE.
There is also a scattering of galaxies ~ 0.1 mag bluer than the main locus in GAMA
that appear in EAGLE as well. Finally, EAGLE has some very massive, relatively
blue galaxies (M, ~ 10''°My, g — r ~ 0.6); although there are such galaxies
in GAMA as well, they are more numerous in EAGLE, as is more easily seen in
Fig. 3.1. We suggested before that these either imply too little dust reddening
in star forming regions in EAGLE, or simply that some of these massive EAGLE
galaxies are undergoing too much star formation despite the inclusion of AGN

feedback.

3.3.2 Luminosity functions

Luminosity functions for model GD+O in rest-frame ugrizY JHK broad-band
filters are plotted using absolute AB magnitudes in Fig. 3.3. The simulations Ref-
100 and Recal-25 at redshift = = 0.1 are shown with Poisson error bars as solid
black and red histograms respectively, becoming dashed when there are fewer
than 10 galaxies per ~0.6 mag bin. For Recal-25 the bins are correlated, as can
be seen for example in the u-band for bins M — 5log(h) = —17.5 to —18.5, due
to poor sampling of large-scale modes in the small volume. There is generally
good agreement between the two runs, with Recal-25 typically less than a factor
of two (0.3 dex) higher at the faint end, and by much less for the redder bands.
Note that this higher-resolution simulation does not sample the exponential cut-
off at high luminosities because of its small volume. Differences in resolution are
most noticeable in bluer colours, particularly in u. As discussed before, in small

galaxies the stellar feedback events driving outflows are poorly sampled and the
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Figure 3.3: Rest-frame ugrizY JH K luminosity functions in the AB system, plot-

ted at

M - 5log;, b [mag]

M - 5log;o b [mag]

= 0.1 for the Ref-100 simulation in black and the Recal-25 simulation in

red using GD+O photometry. The Ref-100 function is plotted down to the faintest

magnitude bin at which most galaxies are represented by >100 star particles.

ugriz bands are compared to the GAMA survey luminosity functions taken from

Loveday et al. (2012), k-corrected to rest-frame magnitudes and plotted as circles.

{continued on next page...}
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Figure 3.3: {Continued from previous page...} The region bound by the Schechter fits
to the Driver (2012) and Loveday et al. (2012) luminosity functions is shaded in
grey. As these two luminosity functions are measured using Kron and Petrosian
magnitudes respectively, the grey area indicates the difference due to aperture
definition. Schechter fits for Y JH K luminosity functions are taken from GAMA
(Driver et. al. 2012) and from 6DF+2MASS (Jones et al., 2006) where available
Poisson error are plotted with dashed lines indicating bins containing < 10 galax-
ies. The EAGLE luminosity functions are similar to the observed fits across the

spectral range, with some discrepancies discussed in section 3.3.

Model Description r-band
2 a ~2.51og10(7#)

[A? cMpc~3 mag '] [AB mag]
N No dust 81759 x 1073 —1.2415:03 —21.0751
GI Galaxy-independent dust model 75700 x 1073 1251503 —20.7153
GD 7 and Mgy dependent 9.3t17 x 1073 1211503 —-20.7153
GD+O  GD with orientation dependence 9.5712 x 1073 1211502 —20.715-2
Data Loveday et al. (2012) 9:+0.7 x 1073 —1.26£0.01  —20.7£0.03

Table 3.1: Best-fitting Schechter function (Eq. 3.3.7) parameters for EAGLE AB-
magnitude luminosity functions in the r-band for different dust models in sim-
ulation Ref-100 at redshift = = 0.1, and the observed luminosity function from
Loveday et al. (2012). The EAGLE and observed luminosity functions are all fit
over the magnitude range —23.2 < r < —14.2, 1o errors on the best-fit parame-
ters were computed using jackknife sampling. Best-fit parameters to ugrizY JHK

luminosity functions can be found in Appendix A 4.
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star forming components are poorly resolved. As a result star formation rates
and thus intrinsic colours are subject to considerable resolution effects. We see
that the higher-resolution simulation yields higher star formation rates and hence
bluer colours. We again note that this is not just a resolution issue: the Ref-100
volume contains a population of faint red quenched satellites of massive galaxies,
which are simply not present in the much smaller Recal-25 volume, as discussed
further in Appendix A.2. LFs in longer wavelength bands are consistent in shape
between the two simulations (despite the small volume simulation being noisier).

Observed luminosity functions from Loveday et al. (2012) are plotted in each

of the ugriz bands, which we fit with a single Schechter (1976) function,

1 dn L\*“ dL
L_* 7 N (L—*) exp(—L/Ly) L_* : (3.3.7)

Single Schechter function fits are also taken from Driver (2012) and Jones et al.
(2006). For the ugriz bands these are shown as grey shaded regions which are
bounded by the fits to the observed luminosity function of Loveday et al. (2012)
and Driver (2012), both based on data from GAMA. The differences between these
observed luminosity functions result from the use of Kron and Petrosian magni-
tudes, respectively. The thickness of the grey band is thus a measure of how these
different aperture choices affect the Schechter fit. For the YJH K band, we plot
published Schechter fits, which are based on UKIDSS data.

There appears to be some discrepancy between Schechter fits from the obser-
vational papers and directly observed luminosity functions in the optical, as can
be seen by comparing the Loveday et al. (2012) data with the Schechter fits. In
particular, the data points appear systematically higher than the Schechter fit at
the faint end and below the fit at the bright end. This is most visible in the z-band
where the shaded region is narrowest. This could be a consequence of interme-
diate magnitude bins dominating the fit as this is where observational errors are
minimal. It also shows that the single Schechter function is not a good fit to the
observational data. In particular, it is unable to represent the observations at the
faint end accurately (e.g. Loveday, 1998). The Driver (2012) and Jones et al. (2006)
fits agree reasonably well, except for the faint-end slope in the K-band. The sin-

gle Schechter fits are used here as simple indicators of the shape, position and
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normalisation of the observed luminosity functions, but clearly their exact loca-
tion depends on details of how galaxies are identified in the data, and possibly
on the range and assumed errors used in the fitting procedure. We compare the
parameters of Schechter fits to EAGLE luminosity functions to observational fits
in Table 3.1.

From Table 3.1 we see that the dust treatment has little effect on the shape of
the r-band luminosity function. The effect of including dust using the GI model
makes the knee position, —2.5log;,(L,), 0.3 mag fainter and decreases the normal-
isation, ¢,. Scaling dust absorption by galaxy properties in GD serves to increase
¢, for the same L, value. The GD and GD+O model luminosity functions provide
L, and ¢ parameters that agree with the observational values within the errors.
The faint-end slope, o, shows some variation between dust models, but remains
within ~ 1o of the observational value. Information on the fitting and best-fit
parameters to each ugrizY JH K luminosity function for GD+O can be found in
Appendix A 4.

Comparing the GD+O EAGLE luminosity functions to the data in Fig. 3.3
shows a striking overall consistency from the UV to the NIR bands. The devi-
ations are mostly of the same order as differences in fits to the published lumi-
nosity functions of different authors. The agreement is particularly good in the
optical bands ugriz, where EAGLE tends to fall mostly inside the grey band that
represents the dependence of the luminosity function on the choice of aperture.
The excellent agreement over such a wide range of colours suggests that EAGLE
forms the correct number of galaxies of a given stellar mass and that those galax-
ies have realistic star formation histories and metallicities.

Comparing blue bands (u — g) to redder bands (J — K) at the faint end, we
notice that the EAGLE Ref-100 luminosity functions tend to be slightly low in blue
bands relative to the data, but high in the red bands. This is a consequence of Ref-
100 producing slightly too many low-mass galaxies (515) which have too low star
formation rates (Furlong et al., 2015). Resolution also plays a role: we plot galax-
ies with more than 100 star particles, where we know that the stellar feedback

events generating outflows and star formation rates at the faint end are poorly
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resolved. In addition, even fainter galaxies with high star formation rates cannot
scatter into the faint-end bins since we impose a cut in mass and not in magni-
tude.

The EAGLE luminosity function tends to drop below the observations at the
‘knee’ (L,) in the Schechter function, particularly in the bands red-ward of r. This
is consistent with a slight underestimate in the masses of more massive EAGLE
galaxies, as seen in the mass function plotted in S15.

The JHK bands also appear to have generally somewhat steeper faint-end
slopes (parameter ain Eq.3.3.7) in EAGLE than the Schechter fits to the data. How-
ever, the data itself also shows an upturn at the faint end relative to the Schechter
tits (circles in Fig. 3.3, see also Driver, 2012). Generally, the single Schechter func-
tion fit tends to underestimate the luminosity function at the faint end (Loveday,
1998). This is more pronounced in the JH K bands where the NIR sky is rela-
tively bright (e.g. Sivanandam et al., 2012), leading to large uncertainties in the

faint end data.

3.3.3 The g — r colour-magnitude distribution

The colour-magnitude diagram of model GD+O for EAGLE is plotted in Fig. 3.4.
As in the second panel of Fig. 3.2, we combined faint galaxies from the higher-
resolution simulation Recal-25 for galaxies with M, < 10°M, with galaxies from
simulation Ref-100 at higher masses. As before, colours represent the number
density of EAGLE galaxies in this plane, whereas contours show the correspond-
ing data from the volume-limited catalogue of GAMA taken from Taylor et al.
(2015). For both simulation and data, we only show galaxies with stellar mass
M, > 10®"M,,. Fig. 3.4 now contains only ‘observable’ quantities for GAMA galax-
ies®, and in particular does not require any SED fitting. The overall agreement
between EAGLE and the data is generally very good, exhibiting similar galaxy

densities across the colour-magnitude plane.

®In practice the diagram still depends to a small extent on the applied cut in stellar mass at the

faint end and on the choice of aperture to measure magnitudes.
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Figure 3.4: Rest-frame g —r colour as a function of r-band absolute magnitude for
EAGLE galaxies (colours) compared to a volume-limited sample of GAMA galax-
ies (Taylor et al., 2015, contour lines). Contours and point shading is the same as
in Fig 3.2, with the normalised contour levels indicated on the colour bar. EAGLE
photometry is obtained using the GD+O model. A composite EAGLE galaxy pop-
ulation is used, consisting of galaxies from Ref-100 at M/, > 10°M, and Recal-25 at
M, < 10°M, as in the second panel of Fig 3.2. There is general agreement between
EAGLE and GAMA in the location and slope of the red-sequence (¢ — r ~ 0.7 at
M, —5log,, h = —20), the appearance of a blue cloud of galaxies with g —r ~ 0.45
at that magnitude, which becomes increasingly blue (¢ — r ~ 0.3) for the fainter

galaxies with M, — 5logh ~ —17.5.
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Figure 3.5: Rest-frame g — r colour distributions for EAGLE galaxies at redshift
z = 0.1 for four non-contiguous ranges in r-band magnitude as indicated in the
legend (top to bottom). Black lines indicate the fiducial Ref-100 galaxy population
while red lines indicate the higher-resolution Recal-25 simulation. Dashed lines
denote the N photometry with solid lines representing the fiducial GD+O. Blue
lines represent observed galaxy colours for the volume-limited sample of GAMA

galaxies from Taylor et al. (2015).
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We also plot colour distribution histograms in Fig. 3.5 for a more quantitative
comparison, now in 0.5 mag bins of absolute r-band magnitude. The location
of the red-sequence is within ~0.1 mag of the observations in each panel. In a
similar manner to Fig. 3.1d, we measure a slightly shallower red-sequence slope
than observed with systematically redder colours at the faint-end. A transition
between a predominately red to predominately blue distribution occurs, but at
slightly brighter magnitudes than observed (M, — 5log(h) ~ —20.5). In the low-
est M, bin, the colours and magnitudes of EAGLE galaxies also agree generally
well with the data. To avoid the stellar mass cut affecting blue galaxies signif-
icantly, our faint end bin is chosen to have galaxies brighter than M, = —17.5.
The Recal-25 simulation does not appear to show superior agreement with ob-
servation relative to the Ref-100 simulation in this bin. It should be noted that
the number of galaxies in this bin are lower for both simulation volumes than in
the lowest mass bin of Fig. 3.1d. The g — r ~ 0.3 colours of the faint blue galax-
ies appears to be well reproduced. The bright blue population in EAGLE become
slightly more discrepant with data for the —21.9 < M, < —21.4 bin than in the
high-mass bin of Fig. 3.1d, due to the fact that bluer galaxies generally possess
brighter r-band magnitudes for the same M,.

The level of agreement between simulation and data in the colour-magnitude
diagram shown in Fig. 3.4 and Fig. 3.5 is remarkable and suggests that these EA-
GLE simulations provide a relatively realistic population of galaxies at low red-
shift, and that the modelling of emission and dust obscuration in model GD+O

works reasonably well.

3.4 Discussion

The EAGLE simulations were calibrated to reproduce the local GSMF and galaxy
sizes by appropriate choice of the parameters in the subgrid model for feedback.
As stellar mass is closely linked to NIR luminosity, the consistency of GSMF prox-
ies such as the K-band luminosity function shown in Fig. 3.3 is not surprising,

at least at z ~ 0. However, consistency with the luminosity functions in other
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broad band filters is not automatic because stellar mass, star formation history;,
metallicity and dust obscuration all play a role.

In Section 3.3, we focused on our GD and GD+O photometric models where
dust absorption is approximated by a simple two component screen, with opti-
cal depths that vary with galactic gas content, metallicity and orientation (GD+O
only). The colour distributions as a function of stellar mass and r-band mag-
nitude for model GD+O in Figs. 3.1, 3.2, 3.4 and 3.5 show a level of agreement
between simulated galaxies and observations that appears unprecedented for hy-
drodynamical simulations, and comparable to that achieved for semi-analytical
models (e.g. Gonzalez et al., 2009; Henriques et al., 2014). The EAGLE luminos-
ity functions also agree well with observations over a range in wavelengths from
optical to NIR (Fig. 3.3). The relatively good agreement for number density, lumi-
nosity and colour, suggests that in EAGLE each dark matter halo forms a galaxy
with stellar mass, age and metallicity close to those inferred from observation.
The similar level of agreement in observed colour-magnitude space also rules
out a potential circularity resulting from using the same photometric model to
infer stellar mass from observational data as is used in the simulations. Even
though the overall level of agreement is good between EAGLE and the data, there
are discrepancies.

There is an excess of bright (M, — 5log,,h < —20) blue (¢ — r < 0.6) EA-

GLE galaxies relative to data, apparent in e.g. Fig. 3.5. Such an excess is seen in
all our photometric models (see Fig. 3.1), but is least apparent for model GD+O
where the recent star formation, that is the root cause of the blue colours, is most
strongly obscured by dust. This parallels the findings of S15, that the fraction of
passive EAGLE galaxies is too low at the high-mass end, relative to observations.
It may be that massive EAGLE galaxies are too highly star forming, perhaps as a
consequence of insufficient suppression of star formation by AGN. The colours
of these galaxies can be sensitive to a low level of recent star formation. A 10
Gyr population requires a specific star formation rate of ~0.025 Gyr~! over a 0.1

Gyr period to move from g — r ~ 0.8 to 0.6 at a fixed metallicity of Z = 0.02,
corresponding to 2.5 Mgyr~! for a galaxy of M, = 10*. Whether the good agree-



3.4. Discussion 65

ment in the colour of the blue cloud, despite the underestimate of the median
star formation rates at these masses (515), suggests underestimated reddening is
discussed further below.

The EAGLE red sequence, at g — r ~ 0.75, is flatter than observed, both when
plotted as a function of stellar mass (Fig. 3.2) and when plotted as a function of
absolute magnitude (Fig. 3.4). The flatter slope may be attributable to the de-
pendence of stellar metallicity on galaxy mass, Z,(M/,); although stellar metal-
licities of EAGLE galaxies agree well with the data at the massive end, they fall
less rapidly with decreasing stellar mass compared to the observational data of
Gallazzi et al. (2005), as shown in S15. Numerical resolution may play a role here,
because the Z,(M,) of the higher-resolution simulation Recal-25 does agree with
the data; see S15.

There is an abundant population of red (g — r ~ 0.7), low-mass (M, ~ 10°My)
galaxies in simulation Ref-100 that is not observed (see Fig. 3.2a). The compar-
ison of simulations Ref-25 and Recal-25 in Appendix A.2 shows that this is at
least partially due to a lack of numerical resolution. Indeed, star formation and
outflows driven by feedback in these galaxies are poorly resolved and poorly
sampled, leading to too low values of the specific star formation rate (and cor-
respondingly too high passive fractions) and too high metallicities (see S15). We
include a re-sampling technique, described in section 3.2.1.1, in all models to try
to mitigate poor sampling. Although this goes some way towards improving the
modelling, it does not eliminate the discrepancy. Because the re-sampling is a
post-processing step, it cannot help with the poor sampling of stellar feedback
in these low-mass systems within the simulation. Related resolution problems
are more intractable, and higher-resolution simulations are required to alleviate
them.

Comparing simulations Ref-100 and Ref-25 that have identical numerical res-
olution (and the associated poor sampling of star formation in M, ~ 10°Mg
galaxies), yet differ in simulated volume size, allows us to isolate the effects of
environment (see Appendix A.2). Although on average the colours of galax-

ies agree well between these simulations, the presence of faint red galaxies is
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much more pronounced in the larger volume. This is because many of these
galaxies are satellites of more massive systems that are absent in the smaller vol-
ume. The fraction of satellites increases at lower stellar masses, and in the range
10%"My < M, < 10°Mg comprises ~ 46% of the galaxy population in the Ref-
100 simulation and ~ 33% in Ref-25. Evidently, satellites contribute significantly
to the colour distribution at low masses. At present we cannot verify whether
improved resolution will also reduce the suppression of star formation in, or
decrease the metallicities of, small satellite galaxies, which would improve the
colours of M, ~ 10°M, galaxies compared to data. We conclude that the redder
colours of low-mass galaxies in EAGLE relative to data is at least partially a result
of resolution, stemming from poor sampling of star formation and feedback. The
improved agreement with the data that comes about from using a composite sam-
ple of Recal-25 and Ref-100 galaxies relative to using the Ref-100 sample alone is
thus mainly due to improved numerical resolution, but also to the exclusion of
red satellite galaxies that are not present in the smaller volume. The relationship
between galaxy colours and environment in EAGLE is clearly an important test of
the simulation, and will be explored further in future work.

The level of agreement between EAGLE colours and the data also depends on
the realism of our dust reddening model. Fig. 3.1 illustrates how dust reddening
depends on the assumptions made in models N (no reddening) to model GD+O
(gas metallicity, gas mass, and orientation-dependent reddening). Differences be-
tween these models are typically of order A(g — r) ~ 0.1. A dust model that is
independent of galaxy properties (such as GI) incorrectly reddens red galaxies.
A reddening model that takes into account the gas mass (GD) resolves this in-
consistency, with most of the remaining effects of reddening affecting blue bright
galaxies. Overall, we find that the details of the dust treatments make relatively
little difference to galaxy colours so that differences with observations are more
likely due to the ages and metallicities of the stars rather than dust obscuration.
This may be due to the relatively small effect of dust at redshifts z ~ 0.1. We
leave the investigation of evolution of colours and luminosities in EAGLE to a

future work.
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Taken at face value, the specific star formation rates of star-forming galaxies
in EAGLE are lower than inferred from observations by ~ 0.2 dex (515). The fact
that the colours of those same galaxies nevertheless agree with the data might
imply that we underestimate dust reddening. Indeed, an underestimate of the
gas fraction would lead to both an underestimate of the specific star formation
rate and, at fixed metallicity, the attenuation. Lagos et al. (2015b) have shown
that at M, ~ 10'°M, the median H, fraction in EAGLE is about 0.2 dex lower
than observed, and that this discrepancy goes away at higher masses and for the
higher-resolution Recal-25 model.

Systematically lower attenuation for faint galaxies could thus be attributable
to their low gas masses in the simulations. However, more complex models yield
non-zero levels of attenuation even for very low gas surface densities (e.g. Bo-
quien et al., 2013). The realism of mixed screen models as used here has been
shown to break down when screens are optically thick (e.g. Disney et al., 1989).
As dust optical depths are expected to be higher in blue bands, our dust prescrip-
tion may be too crude to reproduce the data at higher levels of obscuration. This
could contribute to the bluer colours of massive galaxies in EAGLE.

However, it is also possible that the levels of obscuration are realistic, but that
star formation rates are overestimated in the data due to the absolute calibration
of observed tracers of star formation. The calibration of star formation rates from
tracers rely on assumptions about the intrinsic UV continuum (from population
synthesis modelling) and absorption at short wavelengths, as well as an assumed
form for the IMF (e.g. Kennicutt, 1998a). The cumulative build-up of stellar mass
in EAGLE is lower than observed by about 0.1 dex, whereas the star formation rate
is lower than that observed by 0.2-0.4 dex, depending on redshift (Furlong et al.,
2015). This slight tension may suggest a small overestimate of the observationally
inferred star formation rates. Estimating intrinsic properties from observables of
simulated galaxies (such as star formation rates) may help to clarify these issues,
see e.g. the recent study by Torrey et al. (2014).

The dust model we developed here was designed to be as simple as possible,

yet to avoid unrealistic levels of reddening. The model assigns a single value of
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reddening per galaxy without taking into account the non-uniform distributions
of dust apart from that assigned to birth clouds. It is possible to make much more
detailed estimates of reddening using 3D radiative transfer (RT) calculations (e.g.
Baes et al., 2005; Jonsson et al., 2009). We postpone comparisons of the current
simple model to those obtained with the radiative transfer code SKIRT (Baes et al.,

2005) to chapter 5.

3.5 Summary & Conclusions

We have calculated broad band luminosities of simulated galaxies taken from
the EAGLE (Evolution and Assembly of GaLaxies and their Environments) suite
of hydrodynamic simulations (515, C15), and compared them to observations of
the redshift = ~ 0.1 galaxy population. The model uses simple stellar popula-
tion modelling based on the GALAXEV population synthesis models of Bruzual &
Charlot (2003). To marginally reduce sampling noise arising from single young
star particles in poorly resolved galaxies, we use a re-sampling procedure for
the young stellar component. In all models, galaxy luminosities are found by
summing the particle luminosities within a 30 pkpc radius spherical aperture for
consistency with previous analysis (S15, Furlong et al., 2015), which has been
shown to mimic Petrosian apertures. Absolute magnitudes are presented in the
AB system.

We compare and contrast three models of dust obscuration and to model N
which neglects dust. Model GI, inspired by Charlot & Fall (2000), includes contri-
butions to the dust optical depth from the birth clouds of young stars and from a
constant dust screen, with parameters that are independent of the galaxy proper-
ties. Applying a single diffuse dust correction to all galaxies incorrectly reddens
ellipticals and we avoid this with model GD in which dust reddening depends
on gas phase metallicity as well as gas mass. Finally, model GD+O uses a simple
geometric model to account for orientation effects, which are however small.

These simple models allow us to investigate the dependence of galaxy colours

on stellar metallicities and ages, gas metallicities, and dust obscuration. Our main
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conclusions are as follows:

e The GI dust prescription which applies a reddening that is independent of
galaxy properties, and was used by e.g. Torrey et al. (2014), excessively
reddens the red-sequence population of galaxies. As a consequence, g — r
colours of massive (M, > 10'°M,) EAGLE galaxies are ~ 0.1 mag redder
than observed, in spite of having ages and stellar metallicities that are sim-
ilar to those inferred(Fig 3.1b). Scaling dust optical depths with cold gas
mass and gas metallicity, as in model GD, is more realistic and improves

agreement with observation (Fig 3.1c and 3.1d).

e The red sequence in EAGLE is ~ 0.1 mag bluer in g — r than observed for
M, Z 10'2M, and has a shallower dependence on stellar mass than ob-
served (Fig. 3.1). This is most likely a consequence of the dependence of

colour on stellar metallicities.

e The appearance of a faint red sequence in the Ref-100 simulation run (M, <
10°™Mg, 0.6 < g —r < 0.8, see first panel of Fig 3.2) that is not observed,
is largely an effect of numerical resolution. Star formation and outflows are

not well resolved in galaxies of such low mass.

e A ‘blue cloud’ of star forming galaxies appears in EAGLE below M, ~ 10'%°My,
with g — r colour in agreement with the GAMA data from Taylor et al. (2015)

(first panel of Fig 3.2).

e There is an excess of bright (M, — 5log,, h S —20) blue (¢ —r < 0.6) galaxies
in EAGLE relative to the data. This may be caused by an underestimate of
the reddening in star forming regions, or an overestimate of the star forma-
tion rates in these massive galaxies due to insufficient suppression of star

formation by AGN.

e The z = 0.1 galaxies taken from EAGLE transition from mostly red (g —
r ~ 0.7) above M, ~ 10'%°M to mostly blue (ranging from g — r ~ 0.5 at
M, ~ 10'%5M becoming bluer with decreasing mass to g —r ~ 0.35 at M, ~

10°M) at lower masses, follows the colours of GAMA galaxies from Taylor
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et al. (2015) (see Fig.3.2). However the blue cloud persists to higher than
observed stellar masses, consistent with a similar trend in passive fractions

shown in S15.

e The z = 0.1 galaxy luminosity functions constructed from the EAGLE pop-
ulation agree well with data from UV to NIR bands, with differences of the
order of the difference between using Kron and Petrosian magnitudes in
the data (Fig. 3.3). This level of agreement is similar to the agreement be-
tween the EAGLE and observed stellar mass functions. In particular, there is
a slight underestimate in the number density of galaxies close to the knee of
the Schechter fit, and the faint-end tends to be slightly steeper than observed
in most bands. We note, however, that the faint-end of the luminosity func-
tion is uncertain, especially in NIR bands, and single Schechter fits tend
to underestimate the faint-end slope (Loveday, 1998). Good agreement was
not surprising in the NIR where luminosities are dominated by stellar mass,
whereas the good agreement in other bands suggests that the star formation

histories and metal enrichment in EAGLE galaxies are relatively realistic.

e The z = 0.1 g — r colour versus M, magnitude diagram for galaxies with
M, Z 10°Mg, yields a level of agreement with data that is comparable to
that of current semi-analytic models (Fig. 3.4; Gonzélez et al., 2009; Hen-
riques et al., 2014). The similar colour distributions of N and GD+O pho-
tometry (Fig. 3.1d) suggests that the dust model plays only a minor role in
this agreement. This further attests to the relatively realistic evolution of the

EAGLE galaxy population.

The general agreement in the colour and luminosity of EAGLE galaxies and
observed galaxies suggests that the simulated galaxies have similar star forma-
tion histories, metal enrichment processes, and current star formation rates as ob-
served galaxies. This makes the EAGLE suite well-suited to investigate the physi-

cal processes that shape galaxies through cosmic time.



Chapter 4

Colour Evolution in EAGLE

This chapter comprises an edited version of the article: It’s not easy being green:
the evolution of galaxy colour in the EAGLE simulation, James W. Trayford, Tom
Theuns, Richard G. Bower, Robert A. Crain, Claudia del P. Lagos, Matthieu Schaller,
Joop Schaye published in MNRAS Aug. 2016, vol. 460 p. 3925.

4.1 Introduction

In Chapter 3 we model the colour distributions of simulated EAGLE galaxies at
low redshift (z = 0.1). We find that these distributions exhibit a bimodality com-
parable to what is observed, which is retained when a simple dust-screen model
is applied. We also discuss the properties of blue cloud and red sequence galax-
ies arising in the simulations. It is difficult to determine how these sequences
are established or quite how individual galaxies evolve in colour space using
observations alone. This is because both star formation and galaxy destruction
by mergers change the number density of galaxies of given mass across time.
Faber et al. (2007) noted that the number density of blue galaxies remains ap-
proximately constant below redshift z ~ 1 whereas that of red galaxies increases
markedly. This led them to propose a model in which one or more mechanisms
operate that decrease the star formation rate of blue galaxies, with such ‘quench-
ing” making galaxies redder until they join the red sequence. Bell et al. (2012)

showed that there is significant scatter in the properties of quenched galaxies.
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One correlation that stood out in their sample, is that quenched galaxies usually
exhibit a prominent bulge, by association suggesting a super-massive black hole.

A model in which an accreting super-massive black hole quenches star for-
mation in its host galaxy appears very attractive. This is because black hole mass
increases rapidly as a function of bulge mass (e.g. Haring & Rix, 2004; McConnell
& Ma, 2013), hence such a model might explain why most massive galaxies are
red - as observed. Unfortunately the evidence that star formation in galaxies host-
ing X-ray bright AGN is indeed suppressed appears inconclusive. Several studies
have found no correlation between star formation rate and X-ray luminosity for
an X-ray selected sample of AGN (e.g. Rosario et al., 2012; Harrison et al., 2012;
Stanley et al., 2015). However a close to linear correlation has been observed for
galaxies selected in the infrared (e.g. Delvecchio et al., 2015). The fact that the
luminosity of an AGN likely varies on a range of time-scales (from hours to Myrs)
might explain the apparent disparity (Hickox et al., 2014; Volonteri et al., 2015).
Powerful radio galaxies associated with the centres of groups and clusters do ap-
pear to disrupt the inflow of cold gas (McNamara & Nulsen, 2012).

Another well-documented process that quenches star formation in a galaxy
is restriction of its supply of gas by either ram-pressure stripping of disc gas
(e.g. Gunn & Gott, 1972) or removal of halo gas (e.g. strangulation Larson et al.,
1980), as the galaxy traverses a region of higher gas pressure associated with a
group or cluster. The quenching of star-formation turns these satellites red (e.g.
Knobel et al., 2013). Originally suggested by Gunn & Gott (1972), the efficiency
of these mechanisms have been investigated using simulations by many groups
(e.g. Quilis et al., 2000; Roediger & Briiggen, 2007), with more recently Bahé et al.
(2013) pointing out that galaxies may be stripped before they become satellites, by
the gas in the outskirts of massive systems. McCarthy et al. (2008) presented a
theoretical framework that improves upon the simple analysis by Gunn & Gott
(1972), and describes their simulation results well.

Observational confirmation that environmental quenching indeed operates is
evidenced by the fact that red galaxies preferentially reside in regions of high

galaxy number density (Dressler, 1980), or equivalently that red galaxies are more
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strongly clustered than blue galaxies, even at fixed mass (e.g. Zehavi et al., 2005),
and that the clustering amplitude of red galaxies depends little on mass (in con-
trast to that of blue galaxies, e.g. Coil et al., 2008). This is compatible with a
model where red galaxies reside close to, or even inside, more massive and hence
strongly clustered halos that cause the quenching. Trends between the environ-
ment and gas content of galaxies provide further evidence, with galaxies residing
in clusters seen to be deficient in both HI and H, gas relative to the field (e.g.
Cortese et al., 2011; Boselli et al., 2014). Particularly convincing is the similar-
ity of the trails of HI gas seen to be emanating from gas rich galaxies in clusters
(e.g. Chung et al., 2007; Fumagalli et al., 2014) and of the ram-pressure stripped
gas behind simulated galaxies that fall onto a cluster (e.g. Roediger & Briiggen,
2008).

Even though observations suggest two empirical models of quenching (i.e.
AGN and environmental), models of galaxy formation have struggled to repro-
duce simultaneously the detailed distribution of galaxies in the colour-magnitude
diagram and the different clustering properties of red and blue galaxies. This
is true of semi-analytical models, which use phenomenological prescriptions to
describe the physical processes that lead to quenching (e.g. Font et al., 2008;
Lacey et al., 2015); for example, Henriques et al. (2015) compare the Munich
semi-analytical L-GALAXIES model to SDSS data. Although in many aspects this
model reproduces the observations better than its predecessors, limitations re-
main. For example, L-GALAXIES” u — r colours are considerably more bimodal
than observed.

Hydrodynamical simulations can, in principle, model many physical pro-
cesses self-consistently, but lack of numerical resolution and other limitations of
the hydrodynamical integration may limit their realism. Fortunately, relatively
small changes to the basic hydrodynamics scheme (e.g. Price, 2008; Hopkins,
2013) seem to resolve most numerical issues, such that the dominant uncertainties
in hydrodynamical simulations become associated to the implementation of un-
resolved subgrid processes rather than the details of the hydrodynamics scheme

(Scannapieco et al., 2012; Schaller et al., 2015b).
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The huge dynamic range required to simulate a cosmologically representative
volume with the required resolution to follow the hierarchical build-up of galax-
ies, presents a major challenge to numerical simulations. Until recently, such
simulations did not reproduce the galaxy stellar mass function well, let alone the
detailed colours/clustering of galaxies. A red/blue bimodality appears in the
zoomed-simulations of Cen (2014) even though these do not include AGN. How-
ever, the r—band luminosity function of these simulation contains many more
massive galaxies than observed. Gabor & Davé (2012) include the effects of AGN
using a heuristic prescription of heating gas, where cooling is simply switched
off in halos deemed massive enough to host AGN. They illustrate how this pro-
cess builds-up a red sequence below redshift z ~ 2; initially lower-mass satellites
and more massive quenched centrals appear in heated halos, with a character-
istic dip in the abundance of red galaxies of stellar mass M, ~ 10'° M, that is
more prominent at higher z. While this simulation may provide valuable insight
into the build up of the red sequence, the heuristic nature of the halo heating lim-
its their practical applicability. For lower mass galaxies, Sales et al. (2015) show
that the ILLUSTRIS simulation (Vogelsberger et al., 2014) broadly reproduces the
colours of satellites, which they attribute to the relatively large gas fractions of
satellites at infall.

The EAGLE reference model was calibrated to the z = 0.1 stellar mass function,
black hole masses and sizes of galaxies and is currently the only hydrodynamical
simulation that reproduces these observations, as detailed in chapter 2. EAGLE
also reproduces many independent galaxy observations, such as the content and
ionisation state of gas (Bahé et al., 2016; Lagos et al., 2015c), mass profiles (Schaller
et al., 2014) and evolution in stellar mass, star formation rate and size (Furlong
et al., 2015, 2017). The clustering of galaxies as a function of colour is investi-
gated in a companion paper to this study (Artale et al., 2016). Chapter 3 showed
that EAGLE reproduces the g — r — M, colour magnitude (and the g — r — M,)
relation from the GAMA spectroscopic survey (Driver et al., 2011) very well. In-
cluding a model for dust-reddening computed using the SKIRT radiative transfer

scheme (Baes et al., 2005; Camps & Baes, 2015) improves the quantitative agree-
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ment further (see chapter 5). With low-redshift (z ~ 0.1) galaxy colours in EAGLE
appearing to be realistic, studying how they have arisen given the physical feed-
back model of the simulation may provide new insight. The evolution of EAGLE
galaxy colours is also afforded credibility by the reasonable evolution of the EA-
GLE galaxy population in terms of the stellar mass function (Furlong et al., 2015).

In section 4.1.1 I describe the photometry used in this chapter. In section 4.2
I investigate the evolution of the galaxy population across the colour-mass dia-
gram and correlate colour changes with galaxies becoming satellites or hosting
an AGN. In section 4.3 we expound these processes by analysing the behaviour
of individual galaxies, using galaxy merger trees. Typical time-scales associated
with colour transition are presented in section 4.3.2. We show that the colour evo-
lution of most galaxies can be described well in terms of three generic tracks and
quantify the fraction of galaxies that follow each path. Finally, our findings are
summarised in section 4.4. Throughout this chapter we refer to dust-free, rest-
frame colours as ‘intrinsic” colours, and we take Z; = 0.0127 for the metallicity of
the Sun (Allende Prieto et al., 2001). Note that while the Z, value affects the nor-
malisation of metallicities in solar units, colours are unaffected by the assumed

Zg (see chapter 3).

4.1.1 Galaxy colours

The colours used throughout this chapter were obtained via the modelling de-
scribed in chapter 3 applied to galaxies at multiple epochs, and summarised be-
low. The stellar population properties (age, metallicity & assumed IMF) of an
EAGLE galaxy are combined with the Bruzual & Charlot (2003) population syn-
thesis model to construct an SED for each star particle. Summing spectra over
all stars within the aperture described in Chapter 2. and convolving with a fil-
ter response function yields broad-band colours, which we compute using the
ugrizYJHK photometric system for optical and near infrared photometry (taken
from Doi et al., 2010; Hewett et al., 2006). We express these absolute magnitudes
in the AB-system, see chapter 3 for more details.

It is well known that dust can alter the optical colour of a galaxy significantly,
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particularly for gas-rich discs seen edge-on. We described a simple model for dust
reddening in the previous chapter, and consider a model that uses ray-tracing to
account for the patchy nature of dust clouds enshrouding star-forming regions
described in the following chapter. However, here we use the ‘intrinsic’ (i.e. rest-
frame and dust-free) colours of galaxies to examine the changes arising purely
from the evolution of their stellar content. To simplify the interpretation we al-
ways quote rest-frame colours: there is therefore no ‘k’-correction needed to com-
pare galaxies in the same band at different redshifts. We concentrate here on u*-r*
colours (with the * referring to intrinsic colours) rather than g*-*, because the u
band is more sensitive to recent star formation, leading to more clearly separated
blue/red colour sequences. Indeed, the u*-r* index traverses the 4000A break,
often used as a proxy for star formation activity (e.g. Kauffmann et al., 2003a).
The photometry is presented here without dust effects, comparison is possible
with various observational data where dust corrections have been estimated (e.g.

Schawinski et al., 2014).

4.2 Colour evolution of the ensemble galaxy popula-
tion

Figure 4.1a shows that a scatter plot of EAGLE galaxies in a colour-stellar mass
diagram, (u*-r*) vs M,, exhibits strong bimodality in colour at redshift z ~ 0. The
well defined red sequence resides at u*-r*2 2.2 with colours becoming redder
with increasing M,. The blue cloud is at v* — r* ~ 1.3, with a slope similar to
that of the red sequence. These two sequences are indicated by red and blue
lines to guide the eye, respectively, obtained by a spline fit to the maxima in the
probability distribution of u*-r* in bins of M,. We keep the location of these lines

fixed in Fig. 4.1b-d to facilitate comparison at higher 2. We clearly see that:

(i) The red sequence becomes bluer and less populated with increasing z. It is
in place at z ~ 1 but has mostly disappeared by z ~ 2. A gap in the red

sequence is noticeable at z ~ 1 for M, ~ 10°7 M.
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Figure 4.1: Colour evolution of EAGLE galaxies. Top row: u*-r* vs M, colour-
mass diagram at four redshifts (z = 0.1, 0.5, 1 and 2, left to right). Individual
galaxies are plotted as points, coloured by median stellar metallicity, using the
colour bar in the top row. The locations of the red sequence and blue cloud at
z = 0.1 (red and blue lines, respectively) are repeated in panels b-d to guide the
eye. Filled red squares show u*-r*versus M, for a 10 Gyr old stellar population
with metallicity Z, equal to the median metallicity at that M,; filled circles are the
same, but assuming an exponential distribution of stellar metallicities with the
same median. Bottom row, panels e and g: dependence of u*-r*colour on specific
star formation rate (sSFR, M, /M,) for galaxies with 10 < log,,(M,/My) < 10.5
(the grey band in panel a, and galaxies with )M, between the two grey lines in
panel d) at redshift = = 0.1 and z = 2, respectively. The olive line indicates the
median u*-r* as a function of sSFR at z = 0.1 for comparison at z = 2. Panel f:
u*-r* versus median stellar metallicity for the galaxies of panel e; galaxies with
sSFR< 107*® Gyr~!, appearing in the green box in panel e, are plotted as green

dots.
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