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Abstract

One of the most fundamental observational probes of gataalygon is determining
the build-up of stellar mass. However, around half of allrggesver emitted from
galaxies has been absorbed and reprocessed by dust, whiclermsl-product of stel-
lar evolution. In order to obtain a more complete understandf galaxy evolution,
sensitive observations in the far-infrared and submiltrmare required where the dust
emission peaks. Previous surveys have found galaxies vggriésantly dustier at ear-
lier times, but the cause of this evolution, and the origithef dust, are hotly debated
topics in astrophysics. With thderschel Space Observatogycomplete census of the
dusty galaxy population has now recently been obtainedhigthesis | investigate
the properties of the diverse dusty galaxy population viaachromatic approach,

utilising data from the UV to the submillimetre to study gajavolution.

Using the first unbiased survey of dust in the local Universxplore the properties
of galaxies in the local Universe as a function of morpholagy highlight particu-

larly interesting populations which are traditionally tlgit to be passive. The star-
formation histories, dust content and environments ofydestly-type galaxies and
passive spirals are investigated. | show that dusty egpg-galaxies comprise a small
minority of the general early-type galaxy population (5)5%&nd harbour on average
5.5x 107 M, of dust, which is comparable to that of some spiral galaxi@sir sample.

| compare these dusty populations to control samples tsiigage how these galaxies

are different to the general galaxy population.

High redshift submillimetre galaxies are the most activelgr-forming and dusty
galaxies in the Universe. Constraining the properties ef¢hgalaxies is important
for understanding the evolution of massive galaxies andxyatvolution models in

general. Using panchromatic data from the UV to the submétie, | explore the
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physical properties of a sample of 250um rest-frame selected galaxies at high red-
shift, and compare them to dusty galaxies at low redshiéictetl in a similar way, to
investigate the differences in the dusty galaxy populatmrer cosmic time. | find high
redshift dusty galaxies have significantly higher starffation rates and dust masses
thanz < 0.5 dusty galaxies selected to have a similar stellar mass. x@alavhich
are as highly star forming and dusty as those at 2 are rare in the local Universe.
My results support the idea that the most dusty galaxiesgdt t@dshift are a hetero-
geneous population, with around 60% of our sample congistiém secular evolution,

and the other 40% of galaxies are starbursting, possiblgenairiven systems.

The origin of dust in galaxies at both low and high redshifissgnts a challenge to
current theories of galaxy evolution. Recent work has reeka ‘dust budget cri-
sis’, whereby the mass of dust observed in galaxies at low andrbadghift cannot be
accounted for by stellar mass loss from low—intermediatesstars. | tackle this chal-
lenge using chemical evolution modelling of the high reftshibmillimetre galaxies,
with a detailed treatment of the star-formation historied the dust sources and sinks
in these galaxies. It is clear that a significant mass of dusttrne from supernovae
and/or grain growth; however, the origin of dust in high tattslusty galaxies remains
uncertain. | also consider the impact of inflows and outflotvgas, and the effect of

changing the IMF on the physical properties of high redshifity galaxies.
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Chapter 1

Introduction

The current theory of galaxy formation suggests that thestirof structure in the Uni-
verse is a result of overdensities in the primordial derffiistuations observed in the
cosmic microwave background (CMB). The overdensities vaenglified by inflation
and dark matter, followed by gas, collapsed under gravity these regions to form
stars and galaxies. One of the most hotly debated topicgnopdeysics is the build-up

of stellar mass. Galaxies are thought to grow hierarchjicalith dark matter halos
merging over time to form larger structures (White & Rees/&)9 Simulations have
been very successful at reproducing the large-scale laisivh of dark matter in the
Universe (Springeét al,, 2005). However, the processes which govern the evolution
of baryons (gas, stars and metals) are far less clear. Fon@&athe stars in galax-
ies appear to have assembled anti-hierarchically, withntbst massive galaxies hav-
ing older stellar populations, which indicates more masgaiaxies formed at earlier
epochs (Heaveret al., 2004; Panteet al,, 2007; Gallazzet al., 2008; Pérez-Gonzalez
et al, 2008; Fontanoet al, 2009). In order to understand galaxy evolution we must
study the physical properties of galaxy populations overdewange of cosmic time.

This thesis constitutes such a study.

1.1 The diverse nature of galaxies

It has long been known that the galaxy population displagsoliality in many prop-

erties, such as colour and morphology. The diversity ofxgahaorphologies was first
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The Hubble
Tuning Fork
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GALAXY 200

Figure 1.1: Classification of galaxy morphologies according to the Halibning fork. Image
credit: Karen Masters and the Galaxy Zoo team.

noted by Hubble (1926), who classified galaxies into eampes and late-types (see
Fig. 1.1). Early-type galaxies (ETGs, those that have &b or SO (lenticular) mor-

phology) are smooth in appearance with no visible spiralsarinate-type or spiral

galaxies show clear spiral structure and dust features @deloein a disk. There are
branches for spirals with and without bars, with the tigeghand prominence of the
spiral arms, and bulge size decreasing from Sa to Sc type=gular galaxies show
no clear structure such as a disk or spheroid. The classiisatepresent the order
of complexity in galaxy structure and do not represent atugamary sequence from

early to late type.

Morphological evolution can occur through galaxy mergegiateractions, as spheroids
can be formed by the merger of two disks (Barnes & Hernqu@&92). Furthermore,
galaxies can be transformed in dense environments, forgheaby ram-pressure strip-
ping (Gunn & Gott, 1972), harassment (Moore, Lake & Katz,&)%d strangulation
(Larson, Tinsley & Caldwell, 1980). Many revisions to HuéBlclassification scheme
have been proposed (e.g. de Vaucouleurs, 1959, 1974; Buta,; Zappellaret al.,
2011; Kormendy & Bender, 2012), although the two main dettons of early and late
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Figure 1.2: The colour bimodality of galaxies is shown in the colour-miagde diagram. The
overdensities in the galaxy distribution are the blue cland the red sequence, with a significant
number of galaxies occupying an intermediate region knosvilha green valley. The galaxies in
the colour-magnitude diagram have been weighted to acdouMalmquist bias. This is where
bright galaxies are dominant at greater distances in a fiixdd sample (Malmquist, 1922). Figure
credit: Baldryet al. (2004).

type galaxies defined by Hubble are still widely used. Theeenaany galaxy proper-
ties, such as gas and dust content, and star-formationtgchat are related to galaxy
morphology (see the review in Roberts & Haynes 1994). Curtezories of galaxy
formation have yet to fully explain the wide range of obsedrgalaxy morphologies. It
is therefore important to study galaxy properties as a fanaif morphology, in order

to gain insight into the evolutionary processes which slygaxies.

In the local Universe, ETGs are generally passive, withigédmé ongoing star forma-
tion, resulting in a lack of emission lines and red broadeb@siours in the optical. Spi-

ral and irregular galaxies typically have strong nebulaission lines and blue optical
colours as a result of emission from HIl regions and younigs#as with morphology,
there is a clear bimodality in galaxy colour (Stratetal., 2001; Blantoret al., 2003;
Baldry et al, 2004; Bellet al,, 2004b), with galaxies occupying a red sequence and a
blue cloud as shown in Fig. 1.2. There are also galaxies wigisidle in an interme-
diate region (“the green valley”), which may have undergment quenching of star

formation. Alternatively, some galaxies may have exp&eeirejuvenation of their in-
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terstellar medium (ISM) via gas inflow from mergers or adore{Cortese & Hughes,
2009; Kannappan, Guie & Baker, 2009; Waial., 2010), which may drive galaxies
from the red sequence towards the blue cloud. The star-taymaistory (SFH) of

galaxies is therefore related to the availability of colalecular gas which is the fuel
for star formation. ETGs have exhausted or expelled théd kM, whereas spirals

have retained their gas.

Whilst galaxy colour is broadly linked with morphology, dg multiwavelength sur-
veys such as the Sloan Digital Sky Survey (SDSS; Yetlkal. 2000) have shown
that galaxy mass, along with environment, may be the donip@tesses governing
galaxy star-formation histories. Massive galaxies areoatmalways red (Kauffmann
et al, 2003a; Bamforcet al, 2009; Penget al,, 2010), with a transition mass occur-
ring at3 x 101°M,, (Kauffmannet al,, 2003a), below which the majority of the galaxy
population have blue optical colours. It is therefore imaot to study the physical
properties of galaxies in order to understand the procelsang star formation and

stellar mass growth.

1.2 Star formation in galaxies

The stellar component of galaxies is probed via ultra-¥igléV) to near-infrared
(NIR) emission. The bulk of the stellar mass in galaxies isposed of relatively
cool, low-mass stars which are detected in the NIR. In staning galaxies, the UV
luminosity (< 0.3um) is typically dominated by young, hot O and B stars, with a
colour temperature of 10000K and lifetimes of< 10® years. These young stars can
be used to probe the star-formation rate (SFR), and ther#ferrecent mass growth, in
galaxies. The UV is the most commonly used tracer of stardtion, although nebular
emission lines, dust emission in the mid-infrared (MIR) &adinfrared (FIR), X-ray
and radio emission can be used (see recent reviews in Kah(l€98a), Kennicutt
& Evans (2012), and Calzetti 2012). Rest-frame UV emissias leen used success-
fully to trace the SFR of galaxies locally (e.g. Donas & Defeaig, 1984; Kongpt al,,
2004; Salimet al, 2007), and out ta ~ 7, using UV emission redshifted into the
optical-NIR (e.g. Giavaliscet al., 2004; Bouwengt al., 2007, 2009, 2011).
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Figure 1.3: The galactic extinction per hydrogen column densiy (N) as a function of wave-
length for a sightline in our Galaxy. The dust species resjida for the feature a@175A is not
known, but could be due to small graphite grains (Stecher &DIP65; Draine & Malhotra 1993).
The inset shows the mid-infrared extinction curve. Figuesit: Draine (2011).

One of the main difficulties with observing UV light is thatstabsorbed and scattered
by dust. The extinction curve describes the absorption aattesing of stellar light
due to dust as a function of wavelength (e.g. Cardelli, @y Mathis, 1989; Gordon
et al, 2003), as shown in Fig. 1.3. The extinction curve can vampiwiour galaxy
and has a different form in other galaxies such as the Smadjelfanic Cloud (Pei,
1992; Gordoret al, 2003), which lacks the175A feature present in the Milky Way
extinction curve. The extinction curve shows that UV lighpreferentially absorbed
and scattered by dust compared to radiation at longer wagtis, which means that

the dust grain size is similar to that of UV radiation.

Dust has a significant effect on the observed spectral ergigggibution (SED) of
a galaxy. This affects our ability to derive a reliable meament of the SFR, as a
young, dust reddened stellar population can easily be keistior an older, dust-free,
stellar population. This is known as the age/dust degeperAccorrection to the
observed flux must therefore be made for the amount of dustwtion. This can

be accomplished by estimating the degree of reddening dlsengV slope, as this is
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correlated with the colour excésalternatively, emission line ratios such asvHHz3
(the Balmer decrement) can be used (e.g. Calzetti, Kinneto&8i-Bergmann, 1994;
Kauffmannet al, 2003a). The best solution is to use a correction deriveoh feo
direct measurement of FIR emission from reprocessed gitér{Meurer, Heckman
& Calzetti, 1999; Kennicutt, 1998b); using the full SED cémeitefore give us better
constraints on galaxy physical properties. A correctiandiost is very important in
galaxies which are star forming, as these galaxies tendquoiree larger extinction
corrections (e.g. Meurer, Heckman & Calzetti, 1999; Bu@02 Buatet al., 2005;
Kong et al,, 2004; Cortesest al., 2006, 2008; Johnsoet al, 2007). Furthermore,
measuring the total SFR is important at high redshifts whdrared luminous galaxies
dominate the SFR density (e.g. Chary & Elbaz, 2001; Le Flet'al., 2005; Magnelli
et al, 2009).

1.3 The hidden side of galaxy evolution

It has long been known that dust is responsible for the olasicur of starlight in our
galaxy (Trumpler, 1930; Oort & van de Hulst, 1946; van de Hul946). Around
half of all energy ever emitted from galaxies has been alesbémd reprocessed by
dust (Pugeet al, 1996; Dweket al., 1998; Fixsenret al., 1998), which is an end-
product of stellar evolution. Observations in the FIR antdrsillimetre, where the
dust emission peaks, are needed in order to recover theggktashich is hidden by
dust. This is illustrated in Fig 1.4, where the dust in th&kdifthe galaxy obscures
the light from stars but in the infrared the dust re-emitsdabeorbed starlight. Dust
therefore significantly alters the SED of galaxies, a themielvis explored throughout

this thesis.

1.3.1 What is dust?

Interstellar dust grains are solid particle81 — 1um in size and are mostly comprised

of carbon and silicates (Mathis, Rumpl & Nordsieck, 197 MeBmallest dust grains

1The colour excess is defined &$B — V); the difference in attenuation in thig band relative to
theV band:E(B—-V) = Ap — Ay.
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Visible + Infrared

Sombrero Galaxy/Messier 104 Spitzer Space Telescope * IRAC
Visible: Hubble Space Telescope/Hubble Heritage Team
NASA / JPL-Caltech / R. Kennicutt (University of Arizona), and the SINGS Team ssc2005-11a

Figure 1.4: Optical and mid-infrared images of M104, a lenticular gglakhis shows the dust in
the disk absorbs and obscures starlight in the optical,éetmits the light at longer wavelengths.
Image credit: HST, Hubble Heritage Team, NASA, JPL-CaltdRkhKennitcutt and the SINGS
team.
are large molecules known as polycyclic aromatic hydromasi{PAHSs), comprised of
rings of hydrogen and carbon atoms. PAHs and other smahgrnit at3 — 100um
and are thought to be stochastically heated by photonseLdrgst grains are in ther-
mal equilibrium with the interstellar radiation field andiéat > 100m, with the peak
of the dust emission at 150um, depending on the dust heating mechanism. Young,
UV-luminous stars heat dust to higher temperatures thaeroldV-faint stars. The
thermal emission spectrunyy() from a perfect emitter (blackbody) at a temperattire

can be described by the Planck function

(1.1)

wherer is the Planck constant, is the frequency of emission,is the speed of light
andfkp is the Boltzmann constant. The emission spectrum of a redtesr(e.g. dust

grains) is modified from a blackbody by an emissivity terng(&Vhittet, 2003), such
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that

Su - QemBu(T)v (12)

where the emissivity).,, is dependent on frequency

Qem x AP o VP, (1.3)

The value of the emissivity index} is thought be related to the composition, size and
temperature of the dust grains and is usually in the range 1A-alue of 3 = 2 is
adopted for crystalline materials, with lower valuesgi@@xpected for more amorphous
substances (Tielens & Allamandola, 1987; Whittet, 2003yahie of 3 ~ 2 is found

for dust grains in our Galaxy (Reaeh al,, 1995; Paradigt al,, 2010; Planck Collab-
orationet al, 2011), and in other galaxies (Altat al., 1998; Bianchiet al,, 1998;
Dunne & Eales, 2001).

The composition and size of the dust grains depends on tipegires of the interstel-
lar medium. Dust can form in a chemically-enriched mediunemwthe temperature is
relatively cool & 2000 K) and dense. The dominant origin of dust in the local Uni-
verse is thought to be the relatively cool outer envelope®wfintermediate mass
stars (LIMS,1 < M < 8 M) in the asymptotic giant branch (AGB) phase of evolu-
tion (Ferrarotti & Gail, 2006). At high redshifts (> 5) there is speculation about the
source of dust as there is not enough time for LIMS to evolviaéir dust producing
phase{ 0.5—1 Gyr). It has been proposed that supernovae are prolific dodtpers

at early times (Morgan & Edmunds, 2003; Nozaetaal,, 2003; Dunneet al.,, 2003,
2009a; Gall, Hjorth & Andersen, 2011), as supernovae cadym® dust on timescales
much shorter than that taken for LIMS to reach the AGB phasest Bas been detected
in Type Il supernova remnants (Duneé al., 2003; Krauseet al, 2004; Sugerman
et al, 2006; Gomeet al, 2009; Rheet al,, 2008; Barlowet al., 2010; Matsuurat al,,
2011; Temimet al,, 2012; Gome=t al,, 2012b), although evidence for large quanti-
ties of dust in supernova remnants remains controversygle Ta supernovae are not

thought to contribute significantly to the dust budget (Gomteal,, 2012a).

Dust grains can grow in interstellar clouds by accretingneatles which allow metals
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to stick to the dust grain surface (Tielens & Whittet, 1997)ist grains are thought to
grow in cold and dense( 10? hydrogen molecules cm) molecular clouds (Dwek &

Scalo, 1980), as metals are more depleted in cold cloudsithtuie warm intercloud

medium (Savage & Sembach, 1996). Dust grain growth is thiotagbccur at both

high redshift (Michatowski, Watson & Hjorth, 2010; Hirashi& Kuo, 2011) and at

low redshift (Dwek, Galliano & Jones, 2007; Duneeal., 2011; Inoue, 2012; Kuo &
Hirashita, 2012; Mattsson, Andersen & Munkhammar, 20E2ding to a rapid build-
up of dust in galaxies. It has also been proposed that dustocemaround super-
massive black holes (SMBHSs) if the surrounding gas cloue$ean outflowing wind.

These regions are thought to have conditions similar toettiosnd in the envelopes
of AGB stars (Elvis, Marengo & Karovska, 2002). However,dtunclear whether
dust produced around SMBHSs is a dominant form of dust preoiiett high redshift

(Maiolino et al,, 2006; Pipincet al,, 2011).

Dust grains are removed from the ISM when they are incorpdraito new stars (as-
tration), by sputtering and shattering by supernova shaekw (e.g. McKee, 1989;
Dwek, Galliano & Jones, 2007), and in SMBHs (Gall, Anderserdrth, 2011).
The amount and characteristics of the dust which survivpsrsiwva shocks is highly
uncertain (Kozasat al,, 2009; Jones & Nuth, 2011). Outflows of enriched ISM can
remove dust along with gas from galaxies by supernovae or A@®Mn winds. Sig-
nificant outflows of enriched material were suggested by &iéet al. (2010), who
found evidence for dust in galaxy halos with a mass comparabihat of dust in the

disk. The life cycle of dust in a galaxy is illustrated in Fig5.

1.3.2 Detecting dusty galaxy populations

One distinction between spirals and ETGs is their dust cinées spirals are typically
dust—rich and ETGs are dust poor. However, many studies foavel evidence that
some ETGs harbour significant quantities of gas (e.g. Comioesmg & Bureau, 2007,
Younget al,, 2011), and dust (e.g. van Dokkum & Franx, 1995; Bregmetzal., 1998;
Rowlandset al., 2012; Smithet al,, 2012c; di Serego Alighieret al., 2013; Agius
et al, 2013). This is the topic of Chapter 3. Normal spiral galaxéenit30 — 50%

of their luminosity in the FIR (Calzetet al., 2000; Popescu & Tuffs, 2002). There
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Figure 1.5: Graphical representation of the dust cycle in galaxies.t Bugroduced by evolved
stars (red giants, asymptotic giant branch phase starsug@tnovae). This dust is then processed
by supernova shocks, and the dust which survives is incatpdrinto molecular clouds. Dust
grains can then be locked up in asteroids and comets, antlatmitiding blocks planets. Image
credit: Jones (2004).

are, however, galaxies which emit the majority of their lmoétric luminosity in the
FIR. These are termed luminous infrared galaxies (LIRGsfeGet al, 1984) and
have Ls_1p00um > 10''Ls, and ultra-luminous infrared galaxies (ULIRGs; Armus,
Heckman & Miley, 1987; Soifer, Neugebauer & Houck, 1987; Gaset al., 1988)
with Ls_1000.m > 102 Lg. (U)LIRGs in the local Universe were discovered in the
1980’s by thdRASsatellite (Neugebauet al,, 1984), which observed the whole sky
in four bands froml2 — 100m. Follow-up observations revealed that many ULIRGs
appeared morphologically disturbed or had close compan{Sanders & Mirabel,
1996, and references within). As the luminosity and spaesitly of ULIRGSs were
found to be similar to QSOs, it was proposed that ULIRGs wenwgqued by dust-
obscured QSOs, and would later evolve into optically brigldsars. Later follow-up
observations, including MIR spectroscopy wiO (Kessleret al,, 1996), revealed
that whilst the majority of ULIRGs host an AGN, the extrem&amned luminosity of

ULIRGs is predominately driven by a compact, dust-obscstadburst as a result of
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a recent gas-rich major-merger (Moorwood, 1996; Murghwl,, 1996; Sanders &
Mirabel, 1996; Genzedt al, 1998; Lutzet al,, 1998).

Great progress was made in the study of dust®Sand latedSO. However, these
telescopes did not probe the cold dust emissibn< 30K). The Sub-millimetre
Common-User Bolometer Array (SCUBA) camera on the JCMT [dhalet al., 1999),
and the Max Planck Millimeter Bolometer Array (MAMBO) insiment on the IRAM
30 metre telescope (Kreysd al, 1998) performed the first blind submillimetre sur-
veys. These surveys discovered a population of FIR lumifogs~ 102 L), highly
star-forming (00 — 1000 M,yr—1), dusty submillimetre galaxies (SMGs) at high red-
shift (Smail, lvison & Blain, 1997; Hughe=t al,, 1998; Bargeet al, 1998; Eale®t al,,
1999; Greveet al., 2004).

SMGs have traditionally been found to residecat 2 — 2.5 (Chapmaret al., 2005;
Wardlowet al., 2011; Lapiet al, 2011) due to a combination of survey sensitivity, the
steep number counts of submillimetre sources and the wegatiorrection. The latter
effect allows galaxies which are bright &i0m to be detected across a large range
in redshift, as shown in Fig. 1.6 (Blaet al,, 2002). The Rayleigh-Jeans slope of the
thermal dust emission is very steep. An increasingly lumgpart of the dust SED is
redshifted into th&50m band at progressively higher redshifts. This counterizaa

the decrease in brightness due to a galaxy being further.away

Locally, ULIRGs are relatively rare but are more common ghhiedshift. Since high
redshift ULIRGs have such high SFRs, this galaxy populati@y represent an im-
portant phase in the evolution of massive galaxies. Most SM@st an AGN, and
since the bulge and SMBH mass are related (Magoriaal., 1998; Haring & RIiXx,
2004), SMGs may also be an important phase for SMBH growthaesive galaxies.
Measurements of the stellar masses, star-formation léstao-moving number den-
sities and clustering properties of SMGs indicate that SMfag be the progenitors of
massive elliptical galaxies observed in the local UnivéEsaeset al, 1999; Dunlop,
2001; Scottet al,, 2002; Blainet al., 2002; Chapmat al., 2005; Swinbanlet al,,
2006; Hainlineet al,, 2011; Hickoxet al,, 2012). Evidence is now emerging that the
SMG population is a mix of mergers and massive star-formalgxges (Davéet al.,,

2010; Haywarcet al,, 2011; Targetet al,, 2012; Magnelliet al,, 2012), yet, there are
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Figure 1.6: The predicted flux density of a representative submilliegtalaxy spectral energy
distribution as a function of redshift in different obsedvweavebands. At relatively short wave-
lengths (e.g. optical an?4pum), the flux density decreases with redshift. In the submélre
(> 500um), the negatives -correction results in a flux density approximately constan even
rising for > 1100uxm) with redshift. Image credit: Blaiat al. (2002).

still considerable uncertainties in the physical progsrof SMGs (e.g. Michatowski,
Hjorth & Watson, 2010; Michatowslet al,, 2012; Hainlineet al, 2011). How SMGs
fit into the general picture of galaxy evolution is not yetatleThe physical properties

of dusty galaxies at high redshift will be explored furtheGhapters 4 and 5.

Observing in the FIR and submillimetre presents severdénieal challenges. Early
surveys conducted in the submillimetre were limited in heeverage € 1deg?,
Mortier et al. 2005; Coppinet al. 2006; Weil3et al. 2009) due to the relatively low
sensitivity of bolometric detectors and small array siz&kis meant that small co-
moving volumes were studied at low redshift, making blindjevfield submillimetre
surveys of the local Universe impractical. Instead, tadedtudies of representative
samples of local galaxies were conducted, for example tHéB2ClLocal Universe
Galaxy Survey (SLUGS; Dunret al.2000; Vlahakis, Dunne & Eales 2005) observed
184 IRASand optically selected galaxies. However, targeted ssreay be biased

towards particular populations of galaxies; an unbiased af the dusty galaxy pop-
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ulation was therefore needed.

Absorption of FIR-submillimetre radiation by water vapauthe atmosphere has lim-
ited observing to atmospheric windows (e.g. 450, 8501d19d,:m) from high-altitude
sites and airborne experiments. Furthermore, as the diffralimited resolution of a
telescope is inversely proportional to wavelength, angelksolution in the submillime-

tre has been limited to 10-4f6r single dish 10-30m telescopes. Sub-arcsecond reso-
lution can be achieved using submillimetre interferonseserch as the Sub-Millimetre
Array (SMA; Ho, Moran & Lo 2004), the Plateu de Bure Interfereter (PdBI; Guil-
loteauet al. 1992), and the Atacama Large Millimeter/submillimeteradr{ALMA;

Nymanet al. 2010), although these telescopes are limited to a smaltdieidew.

Many of the problems relating to sensitivity and atmospghgansmission have now
been overcome by thiderschel Space Observatoffilbrattet al., 2010). Using the
Photodetector Array Camera and Spectrometer (PACS; Bolgét al. 2010), Spec-
tral and Photometric Imaging Receiver (SPIRE; Griffinal. 2010) and Heterodyne
Instrument for the Far Infrared (HIFI; de Graaww al. 2010) instruments, the tele-
scope observes at wavelengths frébn— 600m across the peak of the dust emission
at1l < z < 4. Herschelprobes the Rayleigh-Jeans slopezak 1, making it an
unbiased tracer of the dust mass in the local Universe. psacedented sensitivity
allows us to map large areas of sky in a relatively short arhotitime. The largest
extragalactic surveys are théerschelMulti-tiered Extragalactic Survey (HerMES;
Oliver et al.2012), and ThéderschelAstrophysical TeraHertz Large Area Survey (H-
ATLAS; Ealeset al. 2010a). These surveys have opened up a relatively unexiplore
wavelength range which allows us to probe the propertieargkl statistical samples
of dusty galaxies over the last 12 billion years of cosmicetifihe work presented in

this thesis uses data from SCUBA and Hherschelsurveys.

1.4 Structure of the thesis

It is clear that in order to get the full picture of galaxy ewabn it is important to
study the panchromatic SED of galaxidderschelprovides a sensitive probe of the

dust content of different galaxy populations over a widegeaof redshifts. In this
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thesis FIR-submillimetre data from SCUBA amterschelis combined with multi-
wavelength data from large area surveys to probe the fulixyaBED. In this thesis
| use information from all wavelengths to investigate thggbal properties of dusty

galaxy populations over cosmic time.

The physical properties of galaxies are derived using th&aAKAY S SED fitting code
(da Cunha, Charlot & Elbaz, 2008), which is described in @Gap. | also present
tests using different prior probability distributions, iwh are used to describe different

populations of galaxies.

In Chapter 3 | explore the properties of galaxies in the lafaverse as a function of
morphology and highlight particularly interesting pogidas which are traditionally
thought to be passive. The star-formation histories, doistent and environments of
dusty ETGs and passive spirals are investigated. | compase tdusty populations to
control samples to investigate how these galaxies areréiftdo the general galaxy

population.

High redshift SMGs are the most actively star-forming andtdgalaxies in the Uni-
verse, and are thought to be the progenitors of ellipticixges. Constraining the
properties of SMGs is important for understanding the evauof massive galaxies
and galaxy evolution models in general. Using panchrontitia from the UV to the
submillimetre, in Chapter 4 | explore the physical properof a sample o 250pm

rest-frame selected SMGs. | then compare the SMGs to dukiyiga at low redshift

selected in a similar way, to investigate the differenceb@dusty galaxy populations.

Previous surveys have found galaxies were significantlyieluat earlier times, but
the cause of this evolution, and the origin of the dust, atly li@bated topics in astro-
physics. | undertake chemical evolution modelling to explbie origin of dust in high
redshift SMGs in Chapter 5.

The main conclusions are presented in Chapter 6, along wagpects for future work.



Chapter 2

Spectral energy distribution fitting

The physical properties of a galaxy are imprinted upon iecspl energy distribu-
tion (SED), which describes the energy emitted as a funcaifomavelength. These
properties include the star-formation history (SFH),lataihass, metallicity, and dust
and gas content, which tell us about the evolution of a galakiye UV-NIR part
of the SED is typically modelled using evolutionary popidatsynthesis techniques
(Tinsley & Gunn, 1976; Tinsley, 1978; Bruzual A., 1983; dba& Bruzual, 1991;
Bruzual & Charlot, 1993, 2003; Bressan, Chiosi & Fagott®4;9\orthey, 1994; Fioc
& Rocca-Volmerange, 1997; Maraston, 1998, 2005; Leitheterl, 1999; Vazdekis,
1999; Conroy, Gunn & White, 2009; Vazdelgsal, 2010), often with a prescription
for nebular emission (Leitheret al,, 1999; Charlot & Longhetti, 2001; Groves al,,
2008) and dust attenuation (e.g. Calzettial, 2000; Charlot & Fall, 2000). Many
models and templates exist for the infrared part of the SHi2s€ range from sim-
ple models dependent on one parameter such as the FIR lutgi(©bary & Elbaz,
2001; Daleet al,, 2001; Dale & Helou, 2002; Rieket al., 2009), to complex models
often involving radiative transfer, which account for aigrsize distribution exposed
to a variety of radiation fields (Desert, Boulanger & Pug®9Q; Draine & Li, 2007;
Siebenmorgen & Kruigel, 2007). Reviews of SED fitting methack given in Walcher
et al.(2011) and Conroy (2013).

The optical part of the SED is often modelled separately éoRtR. A self-consistent
treatment of stellar emission and reprocessing by dustlysamailable using radiative

transfer codes (e.g. Witt, Thronson & Capuano, 1992; Xiket al,, 1998; Popescu
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et al, 2000; Bae®t al,, 2011). These methods are computationally intensive aad ar
not appropriate for studies of large galaxy samples. Furibee, they often require de-
tailed, spatially resolved observations which are onlyilaisée for very nearby galax-
ies. Using physically-plausible assumptions about th&idigion of stars and dust,
the full SED can now be modelled self-consistently for statally significant sam-
ples of galaxies (Devriendt, Guiderdoni & Sadat, 1999;&dval., 1998; da Cunha,
Charlot & Elbaz, 2008; Grovest al, 2008; Nollet al, 2009). A panchromatic SED
fitting approach is desirable given the wealth of multiwawngjth data available for the

galaxies studied in this thesis.

2.1 Galaxy spectral energy distribution fitting with

MAGPHYS

Throughout this thesis | use a modified version of the phylgicaotivated model of
da Cunha, Charlot & Elbaz (2008, hereafter DCBGS a tool to recover the physical
properties of the galaxy samples described in Chapters 3d45a Whilst several
multiwavelength SED fitting codes are now available, thesPHYS code is chosen
because it can compute statistical constraints on physaralmeters, using a simple,
but physically motivated model. The code can be used to elén properties of large
samples of galaxies in a relatively short amount of time, garad to full radiative
transfer codes. Furthermore the model is easy to use, assirtalltaneously compute

the stellar mass, star-formation rate (SFR) and dust massdalaxy.

In MAGPHYS, the energy from UV-optical radiation emitted by stellapplations
is absorbed by dust, and this is matched to that re-radiatégei far-infrared (FIR).
Spectral libraries of 50000 optical models with stochasttae-formation histories, and
50000 infrared models, are produced at the redshift of ealexgin our sample, con-
taining model parameters and synthetic photometry fronuti¢o the millimetre. The
models are drawn at random from prior distributions, whiefiree probability density

distributions for parameters over a physically plausiblege of values. The optical li-

1The da Cunha, Charlot & Elbaz (2008) models are publicly lalsé as a user-friendly model

packagevAGPHYS at www.iap.fr/magphys/.
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braries are produced using the spectral evolution of stetipulations calculated from
the latest version of the population synthesis code of Bali&Charlot (2003). The
stellar population models include a revised prescriptmritiermally-pulsing asymp-
totic giant branch (TP-AGB) stars from Marigo & Girardi (Z00 A Chabrier (2003)
Galactic-disk Initial Mass Function (IMF) is assumed. Th@dries contain model
spectra with a wide range of star-formation histories, iheii@es and dust attenua-
tions. The two-component dust model of Charlot & Fall (208Q)sed to calculate the
attenuation of starlight by dust, which accounts for theeased attenuation of stars
in birth clouds compared to old stars in the ambient intédestenedium (ISM). The
model assumes angle-averaged spectral properties anésmabinclude any spatial

or dynamical information.

The infrared libraries contain SEDs comprised of four défe temperature dust com-
ponents, from which the dust mas¥/() is calculated. In stellar birth clouds, these
components are polycyclic aromatic hydrocarbons (PAHs},dust (stochastically
heated small grains with a temperatug® — 250 K), and warm dust in thermal equi-
librium (30 — 60 K). In the diffuse ISM the relative fractions of these threstdcompo-
nents are fixed, but an additional cold dust component witadjnstable temperature
between 15 and 25 K is added. A dust emissivity index (see €ha8.1) ofd = 1.5

is assumed for warm dust, amd= 2.0 for cold dust. The prior distributions for the
temperature of warm dust in birth cloudg$“), and the temperature of cold dust in
the diffuse ISM {}3M) are flat, so that all temperatures within the bounds of ti pr

have equal probability in the model libraries.

The attenuated stellar emission and dust emission mod#ig itwo spectral libraries
are combined using a simple energy balance argument, thartbrgy absorbed by
dust in stellar birth clouds and the diffuse ISM are re-egaitby dust in the infrared.

In practise, this means that each model in the optical kbiamatched to models in
the infrared library which have the same fraction of totastduminosity contributed

by the diffuse ISM ¢, ), within a tolerance of 0.15, and are scaled to the total dust
luminosity? L°t. Statistical constraints on the various parameters of theaare de-

rived using the Bayesian approach described in DCE08. Haséreed galaxy SED is

2Integrated between 3 arl@00m.
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Figure 2.1: A flow chart showing the steps in theaGPHYS code to fit multiwavelength spectral

energy distributions and derive physical parameters.reigtedit: E. da Cunha and S. Charlot.
compared to a library of stochastic models which encompaaéplausible parameter
combinations. For each galaxy, the marginalised likelthdstribution of any phys-
ical parameter is built by evaluating how well each modelha library can account
for the observed properties of the galaxy (by computingithgoodness of fit). This
method ensures that possible degeneracies between modeigiars are included in
the final probability density function (PDF) of each paraenetThe effects of indi-
vidual wavebands on the derived parameters are explore@€E0B, and Smitket al.
(2012Db), but | emphasise the importance of usingtbeschelFIR-submillimetre data
to sample the peak of the dust emission and the Rayleigts Jdape in order to get
reliable constraints on the dust mass and luminosity. A samjrof the MAGPHYS

SED fitting method is given in Fig. 2.1.

TheMAGPHYS code is modified from the public version to take into account élen-
sity upper limits in they? calculation to give additional constraints on physicabpas
eters. When the model SED violates the upper limit, the phetoy point is included
in the x? calculation and is weighted by the photometric error. If tipper limit is
above the model SED, the upper limit does not contribute éo thvalue. Addition-
ally, I modify the priors to take into account areas of parsanspace which are not
explored with the standamdAGPHYS libraries. This is important when studying a

wide variety of galaxies from quiescent systems to highlganioed starburst galaxies.
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The modified priors are described in the following Sectid@ection 2.1.1 outlines the
standard priors more applicable for low redshift galaxied Section 2.1.2 describes

the composite priors which better suit the high redshift SM&ee Chapter 4).

An example best-fit SED and set of PDFs are shown in Fig. 2.2e gdrameters
of interest aref,, the fraction of total dust luminosity contributed by thdfuase
ISM; M, /My, stellar mass)y /M, dust mass)ly /M, , dust-to-stellar mass ratio;
LI L, dust luminosity; T2SM/K, temperature of the cold diffuse ISM dust com-
ponent; T.5°/K, temperature of the warm dust component in birth clougs; total
effective/-band optical depth seen by stars in birth cloug$}, theV-band optical
depth in the ambient ISMp/M.yr~!, the SFR; andis/yr—, specific star-formation
rate (SSFR). For more details of the method | refer the reiadeCEOQS.

2.1.1 Standard priors

The ‘standard’ priors which are appropriate for low redspdlaxies are described
in detail in DCEO8; a summary is given here for illustratiomhe standard model
libraries are used to derive the properties of low redshifitd galaxies in Chapters 3
and 4. Here | highlight particular parameters which areedght in the standard and
modified libraries described in Section 2.1.2. From DCEO®®, priors for7, and
#5M | the V-band optical depth seen by stars in birth clouds and the emisM,
respectively, range from 0 to 6. This describes the full eaofyattenuations observed
for normal low redshift galaxies (DCEOQ8, and referencesim)t The star-formation
histories of galaxies are parametrised by an exponentallyeasing model of the form
exp(—~t), where~ is the star-formation time-scale parameter, which is itisted
uniformly between 0 and 1. The time since the start of stané&tion in the galaxy
(ttorm), 1S uniformly distributed between 0.1 and 13.5 Gyr. Buiststar formation
are superimposed at random times on the exponentiallyrdeglimodel, but with a
probability that 50 per cent of galaxies experience a barte last 2 Gyr. The strength
of the burst is defined as the mass of stars formed in the belegive to the mass
of stars formed in continuous star formation over the Iifegiof the galaxy. This
parameter has a range from 0.03 to 4.0 with logarithmic sigacModerately star-

forming galaxies in the local Universe are assumed to hawed birth cloud timescale
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Figure 2.2: Top: Example best-fit rest-frame SED of a high-redshift suimétre galaxy, with
observed photometry (red points) from the rest-frame UVhi submillimetre. Errors on the
photometry are described in Section 4.2.2. The black lirteésest fit model SED and the blue
line is the unattenuated optical modeBottom: Probability density functions (PDFs) for each
physical parameter are shown for this submillimetre galaith the best-fit model values shown
as arrows above each parameter PDF. The parameters arelgftamright): £, , the fraction of
total dust luminosity contributed by the diffuse ISM,. /M, stellar massjy /M, dust mass;
Mq/M. , dust-to-stellar mass ratid; {°*/ L, dust luminosity;7 5M/K, temperature of the cold
diffuse ISM dust component2€/K, temperature of the warm dust component in birth clouds;
v, total effectivel/-band optical depth seen by stars in birth cloutfg}, the VV-band optical
depth in the ambient ISMy/Myr~1, the star-formation rate (SFR); ang/yr—!, the specific
star-formation rate (SSFR). The SSFR and SFR are averagedhm/lastl0” years, although in
this example the result is insensitive to changes in thestimle over which the SFR is averaged.
The ranges of each panel reflect the width of the priors.

(tsc) of 1 x 107 years, after which the young stars move from their birth dointo

the less obscured diffuse ISM.

2.1.2 Composite priors

In order to describe the SEDs of submillimetre selectedxiegaat high redshift (see
Chapter 4), | modify the standard priors which were calibdafior moderately star-

forming systems. Recent studies have shown that the sulmeite galaxy (SMG)
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population is a mix of strong starbursts and galaxies on the+sequence of star
formation (e.g. Magnellet al,, 2012). | therefore need to modify the priors to accom-
modate a wider range of galaxy characteristics, and whigh Aanuch higher infrared
luminosity and SSFR than most low-redshift galaxies. Famtiore, there is much dis-
cussion in the literature on whether SMGs are similar tollbddRGs with a central
starburst, or are have more extended star formation asvasser normal galaxies at
low redshift (e.g. Taccorgt al,, 2008; Davéet al., 2010; Haywarcet al,, 2011; Targett
etal, 2012). In collaboration with E. da Cunha | created a mod#eitbf priors, here-
after referred to as ‘composite’ priors, as they are a hybeitveen the ULIRG priors

described in da Cunhet al. (2010a) and the standard model libraries.

When fitting the SEDs of dusty high redshift galaxies with skendard priors, thé,
PDF frequently hits the upper end of the prior space. Thigesis that the priorin
the standard libraries does not extend to sufficiently higlues to fully describe the
properties of SMGs. Furthermore, SMGs are known to be mosewbd than local
galaxies (Menéndez-Delmesteal, 2009). Ther, and 7L priors are modified to
allow for higher optical depths so that they now range betw@and 20. In order to
account for the wide range of dust temperatures observeMi@sS the temperature
of the cold dust component is extended to have a rdnge 30 K. Since SMGs are
thought to be experiencing strong starbursts, the bueshgtin is increased relative to
the amount of continuous star formation to range betweera@d1100. | also adopt
both exponentially increasing and decreasing star-faonattes by distributing the
~ parameter between -1 and 1, as Maragbal. (2010); Leeet al. (2010); Papovich
et al. (2011) and Reddt al. (2012) find that an exponentially increasing SFR is
appropriate for some high-redshift galaxies. The stam&iron time-scale parameter
(7) is constructed to have a Gaussian distribution, so thatnatanclude too many
galaxies with negligible current star formation. Initiakts with these priors suggested
that there were very few models which had a high enough SSkRotade a good fit
to the photometry of the SMGs. The minimum agg.(,) of the galaxy is decreased
from 0.1 to 0.01 Gyr in order to increase both the number of elodith SSFR~

1 x 1078 yr~! and to extend the upper limit of the SSFR prior fram x 1078 yr—!

to 1.4 x 10~7 yr~'. da Cunhaet al. (2010a) found that a birth clouds timescalgd)

of 1 x 108 years was more appropriate for ULIRGs, which are more hgabiscured
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than normal star-forming galaxies. Instead of fixihg as in the standard libraries
at1 x 107 years, | lettgc vary as a free parameter which is uniformly distributed in
logarithmic space betwednx 107 and1 x 108 years. This accounts for the possibility
of longer birth cloud lifetimes in gas-rich disks (KrumhdzDekel, 2010). Similar
to the standard, prior, the values off, are distributed approximately uniformly
between 0 and 1. Whilst | do not directly change fhe prior, changing some priors
such as SSFR, burst strength ang, causes the, prior to have more models with
low values compared to the standard prior. This trend besaonuge apparent at higher

redshifts ¢ > 2) where the libraries contain more galaxies with young ages.

To create the composite priors, the 50000 optical and 50tf@éred libraries are redis-
tributed in parameter space so that the number of libratégs spproximately constant
between the standard and composite priors. A summary oktheant prior distribu-

tions is shown in Fig. 2.3. A comparison of the physical paetars of a sample of 23
SMGs (see Chapter 4) derived using the standard and coraposits is presented in

the following Section.

2.2 Choice of priors

Figure 2.4 shows the parameter values derived using oura@sitegibraries, and those
using the standarstAGPHYS libraries. The median likelihood values of the dust-to-
stellar mass ratio, dust luminosity and the cold dust teatpee in the diffuse ISM are
generally consistent (within the error given by the medidth816th percentile range
of the sample) between the different prior libraries. W& majority of the median
likelihood stellar mass values are in good agreement, ibexslight tendency for the
stellar masses to be lower when using the composite libiidrgre is a small system-
atic offset in dust mass, with the standard libraries prodpealues which are larger
by 0.2 dex, but values are typically within the median error rangetliis parameter.
By using the composite libraries which have a slightly loaast mass in Chapters 4
and 5, | adopt a conservative approach in my analysis. Asisssr in Chapter 5, it
is challenging to reproduce the observed dust masses of SMiGg chemical evo-

lution models. Using the dust masses derived using the atdmatiors worsens the
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Figure 2.3: Comparison of the standard (blue histogram) and compaste Histogram) prior
distributions atz ~ 2 for parameters relevant to this work. The panels ej@?t, the fraction

of total dust luminosity contributed by the diffuse ISM iretbptical model;flfR, the fraction of
total dust luminosity contributed by the diffuse ISM in tidrared modelts,,.,, the time at which

a model galaxy began forming stars; the star-formation timescaléj,, total effectivel’-band
optical depth seen by stars in birth cloud$??, the V-band optical depth in the ambient ISM;
Yslyr—1, specific star-formation ratege,, r-band light-weighted agel [SM/K, temperature of
the cold diffuse ISM dust component; afigh“/K, temperature of the warm dust component in
birth clouds.
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discrepancy between observed and model dust masses. rfirustkewe note that the
dust masses derived for our SMGs are comparable other st{Magnelliet al,, 2012;
Santiniet al, 2010; Michatowski, Hjorth & Watson, 2010; Magds al., 2012).

The warm dust temperature in the birth clouds also shows 8 systematic offset,
with the standard prior results being around warmer on average. However, the
warm dust temperature is difficult to constrain, and theatffs in most cases within
the medianlio error for this parameter. When using the composite libsathere is a
tendency for the optical depth in the birth clouds)(to be higher, but the majority of
median likelihood values are consistent within the erragea The median likelihood
values of the optical depth in the diffuse ISK{") are generally consistent between
the standard and composite priors, although some valugs Hfare lower when using
the composite libraries. The SFR (averaged over thelldsyears) derived from the
standard and composite priors are in general agreemerthdyetis a tendency for the
composite SSFR to be higher than the standard SSFR. Hoveewend 7/23 sources
have SSFRs significantly higher than would be obtained uki@gtandard priors. The
results obtained for the SFR and SSFR averaged over th&dfagears show similar
trends, with the composite SSFR and SFR slightly higher tharstandard (S)SFR.
However, the offset between composite and standard mek@imbod values is larger

than when using a shorter star-formation timescale.

Since the galaxies using the composite libraries tend te hagher SSFRs, the median
likelihood values off,, are consistently lower by 0.3 dex. This is because the com-
posite libraries allow much stronger starbursts and youages in order to represent
the properties of high redshift SMGs. As shown in Fig. 2.8ha@ligh the composite
f. prior has more models with low values compared to the stahpaor, the full
prior range off,, is adequately sampled. This exercise highlights how thécehof
prior can affect some parameters derived from broadbandf®#iy. In the majority
of cases the different priors do not change our conclusior@hapter 4. Where the
choice of prior influences our results this will be taken iat@ount when interpreting

our findings in the following Chapters.
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2.3 Summary

In this Chapter | have outlined the method used to fit galaxip S&nd derive physical
properties for the samples examined in this thesis. | desdrihe standardAGPHYS
priors, which are used to fit the SEDs of low redshift galaxie€hapters 3 and 4. |
also outlined the motivation for building a new set of pritoslescribe the properties
of high-redshift dusty galaxies, which are described ingiéa4. | then explored the
differences in the derived physical properties when usivmdifferent sets of priors.
For the majority of galaxies, median likelihood estimatéshe parameters derived
using the standard and composite priors show some scattardxgenerally consistent
within the error given by the median 84th-16th percentilegeof the sample. As
the composite priors allow stronger starbursts and youages, the fraction of total
dust luminosity contributed by the diffuse ISM,() for the SMGs shows a systematic
offset towards lower values. There is a small systematgedih dust mass, with the
composite libraries producing values which are lower,@ltih these dust masses are
in agreement with SMG dust masses in the literature. Weradéd¢hat by using the
lower dust mass values derived using the composite prioradept a conservative
approach to our analysis in the forthcoming Chapters. |doaiminority of galaxies
(7/123) show large departures in SSFR from the one-to-oraioal with a tendency
for the overall SSFR of the SMG population to be higher whangithe composite
libraries. These findings will be taken into account wheeripteting my results in the

following Chapters.



Chapter 3

Dusty early-type galaxies and passive

spirals

The work in this Chapter is published in Rowlaretsal. (2012).

3.1 Introduction

It has long been known that there is a relationship betwetxgaptical colour and
morphology. Galaxies can be split into a red sequence arelddwd (Tresset al,
1999; Stratevat al., 2001; Blantoret al., 2003; Baldryet al., 2004; Bellet al., 2004b).
Red galaxies are generally passive early-type galaxie&éEthose that have elliptical
or SO morphology), but with- 25% being spirals which are red either due to dust or
because they are passive (Drietral, 2006). Blue galaxies are actively star-forming
and mostly of spiral or irregular morphology. The colour boality of galaxies is
linked to their star-formation history (SFH), with the $&elpopulation of galaxies
transitioning from blue to red as their star formation ceafige to the removal or con-
sumption of cold gas (e.g. Fabetral, 2007; Hughes & Cortese, 2009). The injection
of gas and dust via mergers may temporarily rejuvenate@tandtion, and so this evo-
lution of colour can be reversed (Cortese & Hughes, 2009nidppan, Guie & Baker,
2009; Weiet al, 2010). Such “rejuvenators” may have had substantiallieiht

star-formation histories from those which make up the nigjaf their morphologi-
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cal type, and may provide insight into the evolutionary sses that shape galaxies

today.

Massive & 10'°M.) ETGs are traditionally thought to be “red and dead” (e.gniTe
Brighenti & Mathews, 2009b), having formed most of theitlstemass at early epochs
over a relatively short period of time (e.g. Cimattial., 2004; Thomast al,, 2005)
and then evolved passively to their present state. Theicalpight is dominated by old
stellar populations; however, recent ultra-violet (UM)dies of large samples of ETGs
have shown that many of these galaxies exhibit low to modéesaels of star formation
(Yi et al, 2005; Schawinsket al., 2007b; Kavirajet al, 2007, 2008, 2011; Kaviraj,
2010). Studies of UV-optical colours suggest that at 1e&0% of UV-selected early-
type galaxies at < 0.11 have evidence of recent star formation within the last 1 Gyr
(Kaviraj et al., 2007); however, it is difficult to determine the contrilautiof UV flux

from old stars.

Mergers are likely to trigger star formation, since a higtidence of ETGs with dis-
turbed morphologies (18%) has been observed (Kaviraj, QG these disturbed
ETGs also have blueWUV — r colours than normal ETGs. The major merger rate at
low and intermediate redshifts is thought to be too low tooact for the number of
galaxies which have disturbed morphologies (e.g. De Ps@pral., 2007, 2010; Lotz

et al, 2008), therefore Kaviragt al. (2011) conclude that minor mergers are the most

likely trigger of recent star formation in ETGs.

Although there is evidence for limited quantities of dus&ihGs, these galaxies are
generally thought to be gas- and dust-poor, which gives sl into their evolu-
tionary state. UV starlight is preferentially absorbed aedéemitted by dust in the
far-infrared (FIR) and submillimetre, so the presence ait@mission is often viewed
as evidence for ongoing star formation (Kennicutt, 1998hhough dust can also be
heated by the radiation field of an old stellar populationidémce for dust in ETGs
was first found in the optical (e.g. Hawardetnal,, 1981; Sadler & Gerhard, 1985; van
Dokkum & Franx, 1995), yet it is difficult to estimate the tbtlust mass purely from
optical observations. Warm dust (30K) was detected in 12% of local ETGs HRAS
(Bregmaret al., 1998), buiRASwas less sensitive to the cold dust component which

dominates the dust mass in local galaxies (Dunne & Ealesl;2@0@dhakis, Dunne
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& Eales, 2005; Smitlet al., 2012b). There have been few studies of ETGs at FIR—
submillimetre wavelengths to date, since surveys conduattéhese wavelengths have
been limited in areal coverage. Consequently, studies @HTave been targeted ob-
servations of relatively small, and often biased, sam@edd dust has been detected in
ETGs through observations witBO, SCUBA, Spitzer and SHARC Il (Temet al.e.g.
2004; Leeuwet al.2004; Vlahakis, Dunne & Eales 2005; Temi, Brighenti & Mattsew
2007; Stickel, Klaas & Lemke 2007; Leewt al. 2008; Savoy, Welch & Fich 2009).
Cold dust has also been observedH®rscheiin 10 nearby ETGs (Skibbket al.,, 2011),

and in the Virgo cluster elliptical galaxy M86, which comtaidust stripped from the
nearby spiral NGC 4438 (Gomet al,, 2010; Corteset al., 2010).

Conversely, spiral galaxies are generally rich in dust aasl gnd make up the ma-
jority of the star-forming population. Their blue opticallours indicate young stellar
populations, yet for some time optically red spirals withspectroscopic evidence of
star formation have been known to exist in the outskirts oétrs (van den Bergh,
1976; Poggiantet al,, 1999, 2004; Gotet al., 2003). These spirals can be red due to
dust obscuration, or because of an ageing stellar popnol&tiolf et al., 2009). It is
generally believed that passive red spirals have had tteifamation quenched due
to environmental effects, since they are found to mostlydees intermediate den-
sity environments (Skibbat al., 2009; Bamfordet al., 2009; Mastert al., 2010b).
The star-formation rate (SFR) was found to be lower for radagpthan blue spirals
in all environments, which indicates that factors othentbavironment can truncate
star formation in red spirals (Bamfoet al., 2009; Masteret al, 2010b). The same
authors also found that a large fraction of red spirals arssiwa & 10'° M), which

may be linked to the quenching of star formation in red spiral

An unprecedented view of dust in local galaxies can now baionétl from theHer-
schelATLAS survey (H-ATLAS, Ealest al. 2010a). The telescope observes at FIR-
submillimetre wavelengths across the peak of the dust @nigmaking it an unbiased
tracer of the dust mass in galaxies. In this chapter | exatmegroperties of galax-
ies detected in the H-ATLAS Science Demonstration Phas®j$iBld as a function
of morphological type, and highlight interesting popwat which do not conform to

the usual trend of colour and morphology. In particular, dus the analysis on the
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properties of H-ATLAS ETGs and how these galaxies are daiffefrom optically se-
lected ETGs, in addition to studying a population of dustsgive spirals. | present
the detection of the very dustiest ETGs in a large area blibagllimetre survey with
Hersche] where the lack of pre-selection in other bands makes it te dnbiased
survey for cold dust in ETGs. | adopt a cosmology with = 0.27, 2, = 0.73 and
H,=71kms ! Mpct.

3.2 Observations and sample selection

The H-ATLAS (Ealeset al, 2010a) is a-570 ded survey undertaken by tHeerschel
Space ObservatorfPilbrattet al., 2010) at 100, 160, 250, 350 and 200 to provide
an unbiased view of the submillimetre Universe. Obserwst@are carried out in par-
allel mode using the Photodetector Array Camera and Spaetay (PACS; Poglitsch
et al. 2010), and Spectral and Photometric Imaging Receiver (BEP@Riffin et al.
2010) instruments simultaneously. In this chapter, | usepktions in the SDP field,
with an area of-14 ded centered om=09"05"30.0°, § =00°3000.0’ (J2000). De-
tails of the map making can be found in Pascale (2011) anddbat. (2010). A
catalogue of>50 detections in any of the 250, 350 and »@0 bands was produced
(Rigbyet al,, 2011) using the MAD-X algorithm (Maddox et al. in prep) armhtains
6876 sources. The&s noise levels are 132, 126, 32, 36 and 45mJy per beam at 100,
160, 250, 350 and 5Q0n, respectively; the beam sizes are x 12.7, 11.6 x 15.7, 18,

25 and 35 arcsec in these bands.

The H-ATLAS SDP field overlaps with that of the Galaxy And Massembly (GAMA)
survey (Driveret al, 2011; Hill et al, 2011; Robothanet al, 2010; Baldryet al,
2010; Hopkinset al,, 2013), which, when complete, will provide 350000 spec-

tra for galaxies at low redshifts over 6 regions, covern@00 square degrees. The
GAMA data compriser-band defined aperture-matched photometry as described in
Hill et al. (2011) from UVGALEX (Martin et al,, 2005; Morrisseyet al., 2007, Seib-

ert et al. in prep.), opticalgriz SDSS DR6 (Adelman-McCarthgt al, 2008) and
near-infraredy’J H K UKIDSS-LAS (Lawrenceet al,, 2007) imaging. Spectroscopic
redshifts and spectra from the AAOmega spectrograph arada® forrpe,, < 19.8
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of (Kiron < 17.6 @andryodelmag < 20.5) OF (2kron < 18.2 @Ndrpodeimag < 20.5) in the
G12 field, andpey, < 19.4 OF (Kkron < 17.6 @aNd7modeimag < 20.5) OF (2Kyron < 18.2
andryodeimag < 20.5) in G15 and GO9 which includes the H-ATLAS SDP field.

A likelihood-ratio analysis (Sutherland & Saunders, 198erformed to match 250n
sources to SDSS DR7 (Abazajiah al., 2009) sources withh < 22.4 within a 10/
radius (Smithet al, 2011), and accounts for the possibility of the true coyasr
being below the optical magnitude limit. The reliability afh association is defined
as the probability that an optical source is associated thighsubmillimetre source.
SDSS sources with reliability 0.8 are considered to be likely matches to submil-
limetre sources. These are matched to GAMA survey data tagespectra when
available. There are 2423 reliable optical counterpart3-®I'LAS sources, with ei-
ther photometric or spectroscopic redshifts. Around thiods of the objects without
reliable optical counterparts are unidentified becausie toenterparts lie below the
optical magnitude limit. These sources mostly reside at 0.5 (see Dunneet al.
2011). The remaining unidentified sources are believed e bhacounterpart in the
SDSS catalogue, but the correct counterpart cannot beifiddnn all cases due to
near neighbours and the non-negligible probability of &kgemund galaxy of the same
magnitude being found up to 1f@om a SPIRE source. Smitt al. (2011) estimate
the completeness of the H-ATLAS sample as a function of rédsj calculating the
total number of sources that would be expected to have a eqpart above the SDSS
magnitude limitin H-ATLAS. | refer the reader to Smigal.(2011) and Dunnet al.
(2011) for further details. Smitét al. (2012b) find that at < 0.35 ther-band selec-
tion does not bias our sample towards less obscured soBite® the majority of our
spirals and ETGs lie at redshifts less than this, our santyaald be representative of
the low-redshift galaxy population. Matches are also madbe¢IRAS(Moshir, Kop-
man & Conrow, 1992) and FIRST radio catalogues (Becker, ®iHelfand, 1995)
as described in Smitét al. (2011).

Lrpetro i ther-band Petrosian magnitude (Petrosian, 1976), which is unedsusing a circular
aperture of twice the Petrosian radius, defined using ti figofile of the galaxy (Blantoat al., 2001;
Yasudaet al., 2001). rmodeimag 1S the SDSS-band model magnitude, which is determined from the

best fit of an exponential or de Vaucouleurs profile; furthetads are presented in Baldey al. (2010).
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3.2.1 Morphology

Morphological classification of sources was performed by eging SDSS standard
depthgri composite images by a collaborator (Kaviraj), and objeasewassigned
one of four categories: early-type, late-type, merger amidhawn. The classification
fractions are shown in Table 3.1. ETGs were identified by ilmgKor a dominant
bulge and a complete lack of spiral arms, and late-types wergified by the pres-
ence of spiral arms. Due to the shallow depth of the SDSS imagdistinction was
not made between E and SO types, however, it is possibleltbsg tpopulations may
have different properties (e.g. Temi, Brighenti & Mathe®809a). The merger cate-
gory contains systems of galaxies that are clearly intergcGalaxies were classified
as ‘unknown’ if it was impossible to assign a morphology,alsubecause the galaxy
was too faint or small. This situation becomes more commapasal resolution and
signal-to-noise decrease at higher redshifts. It is ptssiiat at low redshifts some
of the unknown classifications are irregulars, which tenttdee small angular size
and are therefore difficult to identify. Additionally, vefgw H-ATLAS galaxies are
low stellar mass objects, which is due to the flux limit in thiillimetre. There-
fore the dearth of irregulars is likely to be a real effect aotlan inability to classify
them. Given the sample size, visual inspection is the predemethod to classify our
galaxies into broad morphological classes. It has beenshioat visual inspection is
superior in identifying contaminants in samples of ETGg.(dace on spirals which
have a dominant bulge but have weak spiral arms) than autoha&dssification meth-
ods (Kavirajet al., 2007; Schawinslet al., 2007b; Lintottet al., 2008; Bamforcet al.,,
2009). Since | am interested in selecting spheroids, iatihm is not an issue. It is
possible that at higher redshifts Sa type galaxies witht fgpiral arms not visible in

the shallow imaging could be classified as ETGs.

3.2.1.1 H-ATLAS sample

We morphologically classify 1087 H-ATLAS sources which aaeliability>0.8 of
being associated with a SDSS source, and which have goottlyog@ctroscopic red-
shifts (flagged wittz_QUALITY (n@Q) > 3). Additionally, | require that sources are at

a redshift ofz < 0.5; above this redshift only a very small number of galaxiesehav
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Table 3.1: Morphologies obtained by visual classification of 1087 HEAB sources and 1052
control sample galaxies. The control sample galaxies deetsel to have the sameband mag-
nitude and redshift distribution as those detected in H-ASLThe estimated detection fraction of
galaxies in each morphological class is shown in the last fidvese are estimated as explained in
Section 3.2.1.2.

Early-type Late-type Merger Unknown

All (detected) 1087 44 496 23 524
4.1% 45.6% 2.1% 48.2%
All (non-detected) 1052 233 378 22 419

22.1% 35.8% 2.1% 39.8%

H-ATLAS detected fraction 5.5% 28.2% 25.0% 20.6%

Fraction
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Fraction
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Figure 3.1: The distribution of> 50 100um (a) and 25@m point-source fluxes (b) are shown
for the H-ATLAS morphologically classified sample. Spiral®e shown as grey/filled, ETGs as
red/hatched and unknown morphologies as an open histodfraem be seen that the flux distribu-
tions are similar for each type of morphology. (c): Redstiétribution of our H-ATLAS sample
for each morphological type. The ETGs and spirals have aiméldshift distributions, but galaxies
classified as unknown lie at much higher redshift on aver@eThe distribution of SDS8-band
model magnitudes for the same morphological classificati@ources with unknown morpholo-
gies are fainter on average than those which are classified.
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spectroscopic redshifts and will be difficult to classifywd sources with stellar or
QSO IDs were removed from the sample, as were the five souteatfied as being
lensed in Negrellet al. (2010). | calculate the number of false IDs expected in the
classified sample from the sum of the probabilities of a flsas > (1 — R), where

R is the reliability. This indicates that 21 galaxies (2%) ur gample are likely to be
false IDs. There are 115 and 199 sources which have PACS 10Q&Hm point-
source detections at 5o, respectively. The selection effects arising from the PACS
detections are discussed in Sméhal. (2012b), who found that the SED results in
Section 3.3 are not significantly influenced by the inclusdnopper limits for PACS
data in the majority of the sample. All sources have;2hletections> 50 (which is

a requirement for our sample selection), 272 sources havéadetection at 350m,

and 138 sources have>a 30 detection at 500m. The distribution of 100m PACS
and 25@:m SPIRE detections is shown for each morphological typeguiés 3.1 (a)
and (b).

Visual classifications revealed 44 galaxies as early-t§per(S0), with0.01 < z <
0.32. It can be seen from Table 3.1 that there are few ETGs in oupkamompared to
spirals, so it is evident that H-ATLAS preferentially sekespiral galaxies over ETGs.
This is as expected since ETGs are generally passive anditievdust content. The
late-type category in principle encompasses both spiradsraegular galaxies; how-
ever no irregular galaxies are found in our sample. This nealgdrause these objects
are difficult to classify at all but the very lowest redshiftsit H-ATLAS also does not
detect many low optical luminosity (and therefore low mass)rces in the SDP field
(Dunneet al, 2011; Dariustet al, 2011). The number of mergers in our classified
sample is underestimated because the reliabilitys criteria inherently assumes a 1:1
correspondence between optical and submillimetre so{&aberland & Saunders,
1992; Smithet al,, 2011). In the case of mergers there can be two optical seurce
close to the SPIRE position which both have a high likelihobdssociation but the
probability (reliability) is split between the sourcespsetimes reducing the reliability
below our threshold of 0.8. The median redshifts of the ETiagkspirals in our sample
are both~ 0.13, and the redshift distribution is shown in Figure 3.1 (c). gfsdaxies
become faint and small with increasing redshift, clasdificebecomes difficult, and

the unknown fraction increases significantly i, > 18.5 (see Figure 3.1d). It
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also seems easier to classify spirals than ETGs at fairteagnitudes. Morphologi-
cal disturbances are observed in 13/88€%) ETGs and 22/4964(+ 1%) spiral$.
These disturbed galaxies show evidence of dust or tidalfestwhich may be a sign
of a recent merger. The number of disturbed sources is a lomwirsince faint fea-
tures may not be visible in standard depth SDSS images. Mogitally disturbed
sources occupy a range of redshifts up te 0.26. A higher fraction of morphological
disturbance is found in ETGs in our sample compared to Kp{afH 0) who find 18%
for a sample of optically selected ETGs (with< 16.5 andz < 0.05).

To check our ETG classifications, | compare to those in thatyaZoo sample (Lintott
et al,, 2008, 2011), in which galaxies were visually classified fagrdl00,000 volun-
teers. Only the brighter members of our H-ATLAS sample<(17.77 andz < 0.25)
overlap with Galaxy Zoo. Galaxies were classified as eitHigtieal®, spiral, merger
or ‘don’t know’. A galaxy is assigned one of these classifaa if it has> 50 percent
of the vote fraction. Debiased votes are used to accounhétandency for Galaxy
Zoo classifiers to assign small or faint galaxies (usuallyigiher redshift due to a lack
of resolution) to the ‘elliptical’ category. The debiasipgpcedure is described fully
in Bamfordet al. (2009); Lintottet al. (2011). There are 22 of our ETGs which have
a match in Galaxy Zoo, 17/22 are classified as elliptical2 2& classified as spiral,
and 2 are ambiguous. The ETGs which are classified as spir@alaxy Zoo either
have evidence of disturbed morphology which could have beitaken for spiral
structure, or have evidence of a disk yet no spiral arms. Ta@nty our H-ATLAS
ETGs which match with the Galaxy Zoo sample are classifiecelfiptical’, and so

our morphological classifications agree well with overlagystudies.

| also examine the Sérsic index)(of our ETGs and spirals in Figure 3.2, to check that
our morphological classifications are broadly consisteitth what is expected from
automated galaxy classification. This is accomplished binditsingle component
Sérsic models to the light profile of the galaxy (Kelahal,, 2012). Generally, late-

type galaxies have an exponential profie£ 1), and ETGs have a de Vaucouleurs

2The errors aréo confidence intervals on a binomial population using a betaidittion, which is

appropriate for small population numbers (Cameron, 2011).
3The ‘elliptical’ classification also contains the majoriiiySO galaxies, as shown in Bamfoetial.

(2009).
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Figure 3.2: Sérsic index ) distribution of the spirals (grey), and ETGs (red/hatghiecbur H-
ATLAS sample. The dashed line at= 2.5 denotes the traditional cut between ‘early-type"%

2.5) and ‘late-type’ . < 2.5) (Bell et al, 2004a), and gives an indication of the contamination that
can occur in samples selected on Sérsic index.

profile (n = 4). As expected, our visually classified spirals have a veiynst peak
atn = 1.3, whereas the ETGs have a variety of Sersic indices, but hdvghreer
averagen of 3.1. The wide range of Sérsic indices is because SOs elieded in our
early-type classification, which may have a substantidd demponent. Although
broadly agrees with our visual morphologies, Sérsic ind@ot the ideal classification
method, because a spiral with a bright nucleus may appeav® & high value of.

and would be mis-classified as an ETG (e.g. Bam#drdl., 2009).

3.2.1.2 Control sample

In order to understand how the H-ATLAS and optically seldd&d G populations dif-
fer, visual morphological classifications were obtained obntrol sample drawn from
the GAMA galaxy catalogue which overlaps with the H-ATLAS Bield. Galaxies
are required to be undetected in H-ATLAS and have good gqusiiectroscopic red-
shifts, and were chosen to have the same redshiftr-angd -magnitude distribution
n(r, z) as our H-ATLAS detected, morphologically classified sampléis was ac-
complished by splitting the H-ATLAS sample into, =) bins, and randomly picking
approximately the same number of galaxies in each bin fran@QAMA catalogue,
so that the control sample comprises 1052 galaxies. Bytsayea control sample of
galaxies which are matched in redshift to the H-ATLAS samgpdection effects are

minimised.
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The morphologies of the control sample are summarised ifeTalk. It can be seen
that there are many more ETGs compared to spirals in theablgtselected sample
than in the 250m selected sample. To estimate the fraction of galaxiestwarie
detected at the depth of H-ATLAS as a function of morpholbgick a random sample
of 1076 galaxiesfrom the GAMA catalogue in the SDP field, disregarding whethe
they are detected bjlerschel The selected galaxies follow the samg, z) as our
H-ATLAS detected and control samples. The random sampiingg@eated 1000 times
to estimate the average number of H-ATLAS detected and entkt galaxies. On
average, 225 galaxies are in the H-ATLAS detected sampte] arof these are ETGs.
There are 851 undetected galaxies, and from the controllsanagtions 22% (188)
of these are expected to be ETGs. Consequently, there arETIOS in total in the
random sample, so | estimate 5.5% of ETGs are detected in IlEASTcompared to
the total number of ETGs in the SDP field, for thig-, z). The detected fractions of
other morphological types are presented in Table 3.1. Ratations of the control
sample fractions cannot reliably be applied to the entir® SBld, since morphology
is a function of both- and z, and the full(r, z) parameter space is not probed in this

work.

3.2.1.3 Classification bias

Bamfordet al. (2009) showed that in Galaxy Zoo the fraction of galaxiessfsed
as ‘elliptical’ increases with redshift compared to sgralhis is because the spatial
resolution and signal-to-noise decreases with redshifteatures such as spiral arms
become invisible. Also, in Galaxy Zoo, images are presetudtie classifier with-
out any indication of angular scale, so distant, unresobadxies could have been
classified as elliptical. | therefore check if this bias isgent in our classifications. |
show the classification fractions of our H-ATLAS sample igiiie 3.3, and there is no
trend that more galaxies are classified as ETGs with inargasdshift. Indeed, fewer

galaxies are classified as ETGs. This may be because unlikeyGaoo volunteers,

4The random sample is chosen to be approximately the samassthe H-ATLAS detected sample,
but 11 H-ATLAS galaxies are not in the GAMA survey region aaddrp.,.-magnitude information.
Therefore the size of the random sample is smaller than tA&IEAS sample, but this should not affect

any of our conclusions.
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Figure 3.3: Morphological classification fractions as a function ofskift for the H-ATLAS de-
tected sample (top) and the control sample (bottom). Etrars are thd o confidence intervals
for a binomial population, derived from a beta distributizee Cameron 2011). Also shown is
the ETG-to-spiral fraction for both samples, where erraslzae thelo confidence intervals for a
binomial distribution, using the approximation of Gehr@l886). The ETG-to-spiral fraction does
not increase with redshift, therefore | do not observe atolaards classifying more ETGs as they
become smaller and fainter.

our expert classifier recognises the limitations of the ltggm of the image, and will

classify an object as unknown instead of as an ETG.

3.2.2 SED fitting

Smithet al. (2012b) fit the UV-submillimetre SEDs of 1404 H-ATLAS galagiwith
reliability > 0.8 of being associated with an optical counterpart in the SB®&nd
catalogue, and which have available multiwavelength phetoy. Using the physi-
cally motivated method of da Cunha, Charlot & Elbaz (2008ehtter DCEO08) allows
us to recover the physical properties of these galaxiesth&udetails of the method

are described in Chapter 2.
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An example best-fit SED and set of probability density fumasi (PDFs) are shown
in Figure 2.2. The parameters of interest e the fraction of total dust luminosity
contributed by the diffuse ISM3,, total effective V-band optical depth seen by stars in
birth clouds;M, /M., stellar massL °*/L,, dust luminosity:7 JM/K, temperature of
the cold diffuse ISM dust componert;**, the V-band optical depth in the ambient
ISM; M4/M, dust massys/yr—!, specific star-formation rate (SSFR){M yr—!,
SFR; ty g, time of last burstage,, r-band light-weighted age antly/), , dust to

stellar mass ratio. For more details of the method | refer¢aeer to DCEQS.

3.3 Properties of ETGs compared to spirals

Here | explore the multiwavelength properties of our sanapleorphologically clas-
sified spirals and ETGs detected in H-ATLAS. | present patarsalerived from the
SED fitting method as described in Section 2.1 for 42 of the A& & and as a compar-
ison | also explore the properties of 450 out of the 496 sgaddxies in our sample.
| present the SDSS images, best-fit SEDs and optical spefctheese ETGs in Fig-
ure A.1, and average physical properties in Table A.1. THaxgss excluded from
our analysis do not have available aperture-matched GAM#qgrhetry (2 ETGs, 17
spirals); additionally | reject 29 galaxies from our ana@ysahich have poor quality
SED fits with? > 30. Our sample covers a range of redshifts, but since the median
redshifts of the ETGs and spirals are approximately the sdifierences between the
samples due to evolution in the redshift range are likelygsimall. Additionally, |
have checked that the following trends are present if | Idajataxies at < 0.13, and

z > 0.13. | also observe similar results if | separate our succegsfldssified sample

into ‘early-type’ (» > 2.5) and ‘late-type’ . < 2.5) using Sérsic index.

3.3.1 SED parameters

In order to compare physical parameters for ETGs and spiralsr sample, | compute
the average PDF for each parameter derived from our SEDdfitiihe average PDFs
of ETGs (red) and spirals (black) are shown in Figure 3.4, tAednean values and

errors are summarised in Table A.3. For each parameter,thedast moment of the
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Figure 3.4: Average PDFs of the SED parameters of 42 dusty ETGs (reddorapared to 450 spirals (black line). The parameters aven(feft to right): f,, , the fraction

of total dust luminosity contributed by the diffuse ISME,, stellar mass)q, dust mass)y /M., dust to stellar mass ratid;t°t, dust luminosity 7 5™, temperature of
the cold ISM dust component;, total effective V-band optical depth seen by stars in hittuds; 7, the V-band optical depth in the ambient ISM; SSFR and SFR
averaged over the 1a$0® years;t; , time of last burst; anege,, ther-band light-weighted age of the stellar population. Theantainty on each distribution for ETGs
and spirals is given by the error on the mean and is shown abghef each histogram with corresponding colours, and teifsctance of the difference in the means in

brackets. The errors for logarithmic parameters are in dex.
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average PDF to estimate the mean of the population. | esithatvariance on the
population mean as the second moment of the average PDF thimusean squared,
normalised by the number of galaxies in the sample. The ermdhe mean is simply
the square root of the population variance. The significaridee difference in the
means is shown in brackets in Figure 3.4. This is defined aatikelute difference
of the two population means, normalised by the quadratume afuthe errors on the

mean.

The ETGs have a meaf) of 0.74+0.02, which is significantly higher than that of spi-
rals which have a meaf), of 0.59+0.01. This means that most of the FIR luminosity
in ETGs is from dust in the diffuse ISM, which is mostly heabgdold stellar popula-
tions (stars older that0” years). Some ETGs have lower valuegpf indicating that
more of the FIR luminosity comes from dust in birth cloudsjathis heated by young
stars and implies ongoing star formation. The ETGs in ourpdarare more massive
than spirals, with ETGs having a mean stellar mags) (of (4.9753) x 10'° M, com-
pared toM, of (1.9 +0.1) x 10 M, for spirals. ETGs have approximately the same
mean dust mass\{,) and dust luminosity I }°*) as spirals, although the mean ratio
of dust to stellar mass\W{ /M. ) for ETGs is lower than that for spirals in our sample
by 0.38 dex, meaning that ETGs are dust deficient for thellastemass compared to
spirals. Our mediad/y/M, value for ETGs ig1.6 + 0.1) x 1073, which is larger
than the average found by Skibbaal. (2011) of1.7 x 10~* for 10 ETGs. In order
to contain enough dust to be detected in H-ATLAS, galaxieglwhave lowM, /M,
need to be more massive in general, which may explain why HES@s a highed//,

on average than spirals in our sample. | find a mean dust masssofy) x 10" Mg,
for the sample of ETGs, which is larger than the highest duwsts®as found in some
previous studies of ETGs e.qg. Teatial. (2004) foundl0® — 107 M, which is similar

to the dust masses found in ETGs with optical dust lanes (gpet al, 2012) (al-
though these are likely to be underestimated by the uieA$data - this issue will be
addressed in future work.) Our mean dust mass is consisténidlahakis, Dunne &
Eales (2005) who found dust masses greater thaM , for 6 elliptical galaxies from
an optically selected sample observed with SCUBA. The dwssninferred for the
SCUBA ellipticals may include contamination from synchoot radiation, but for the

sample of ETGs studied here, | find that synchrotron rachdsamegligible compared
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to thermal emission from dust (see Section 3.5.3). | find gaiBtant difference in
the T5Mof the spirals and ETGs, and find a wide range of values for tisetdmpera-
ture. The total effective V-band optical depth seen by <tars7{°*) is approximately
the same for ETGs and spirals. This shows that ETGs have appmately the same

attenuation as spiral galaxies (though with rather largeettainties).

3.3.2 Star-formation histories

| investigate the SFH of our galaxies by examining the SkER,anhd SSFR, (g, de-
fined asy/M,) averaged over the last® years. These parameters are derived from the
SED fitting as described in Section 2.1. The model SFHs a@ithes! by a continuous
exponentially decreasing star-formation rate, with supposed randomly distributed
bursts of star formation (Kauffmaret al, 2003a) lasting betweehx 107 and3 x 108
years. These bursts occur with equal probability througtwilifetime of the galaxy.
The probability is set such that 50 percent of the galaxiéiseribrary have undergone
a burst of star formation in the last 2 Gyr. The amplitude @ lthurst (ratio of mass
formed in the burst to mass formed in continuous star foromativer the lifetime of
the galaxy) is distributed between 0.03 and 4.0 with lobarit spacing. For further
details of the models, and the effects of model assumptiondeoived parameters |
refer the reader to Kauffmaret al. (2003a) and DCEOQS.

The mean SFR for ETGs i&7 4= 0.2 Moyr—!, with a range 00.04 — 12.4Mgyr—1.

It is interesting to note that the distribution of ETG SFR#igure 3.4 shows signs of
bimodality. Our range of SFRs is comparable to that foundofatically blue ETGs
by Schawinskiet al. (2009), who find SFRs of.5 — 50 Myyr—! using a range of
indicators (Hv luminosity, u-band light, infrared luminosity frodfiRAS. H-ATLAS
ETG SFRs are also larger than those found in recent studie$@& in the SAURON
sample, which is a representative sample of local ETGs éocet clusters and field
environments (de Zeeuet al,, 2002). Temi, Brighenti & Mathews (2009a) find that
the SFR of SAURON S0s as estimated fromu@#luminosity is0.02 — 0.2 Mgyr—1,
and Shapireet al. (2010) calculated the SFR in the SAURON sample from norastel
8um emission, and this was found to hed.4 Moyr—. These findings of low level star

formation in the SAURON galaxies can possibly be explaingthle optical selection,
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which is not biased towards highly star-forming galaxiesisTis in contrast to the
H-ATLAS sample which selects the dustiest ETGs, and theeetioe highest SFRs.
Additionally, the SAURON measurements only give the obedUFR, and may not

be representative of the total SFR of the galaxy.

SSFR is defined as the star-formation rate per unit stellasraad measures the star-
formation efficiency of a galaxy. Figure 3.4 shows that them8SFR averaged over
the last10® years for ETGs (4705 x 10~ yr~!) is lower than that of spiralsl (0 +
0.7 x 10~1%r=1). This trend is insensitive to changes in the timescale oWgch the
SSFR is averaged. There is, however, a wide range of SSFR7aperéent of ETGs

have a SSFR greater than the mean of the spiral sample.

In Figure 3.5 (a), | show a plot of dust mass versus SFR foakpand ETGs in our
sample. It can be seen that galaxies with the highest dust aiss have a high SFR.
This trend is expected since both dust mass and SFR will deperihe total stellar
mass of a galaxy. | can remove this trend by dividing by stetlass and so | plot
Mgy/M, vs. SSFR in Figure 3.5 (b). As was found in da Cuehal. (2010b), there
is a strong correlation between these two parameters. Ibearen that typically the
ETGs have lower SSFR and, /)M, than spirals. There are some spirals with very

low SSFR and\/,/M., , which are discussed in Section 3.4.

| can use the results of our SED fitting to see if star formaisatominated by a recent
burst or continuous star formation using the model parangsscribing the time of
last burst {; 5). Although there is a large uncertainty on this parametaryesults are
still useful for a statistical comparison of two populasorms shown in Figure 3.4,
~ 76 percent of our ETGs have not had a burst of star formationerakt10° years,
and have therefore not formed a substantial fraction of tm@iss in recent bursts. It
seems that most of our sample have residual star formafionvier from the last major
burst. Kauffmanret al. (2003b) find that galaxies with/, > 10'° M, typically have
not had recent bursts of star formation, which may explaily wr generally high
mass ETG sample shows few recent bursts. The time sinceghkuest can also be
characterised by the age of the young stellar populatiaaypetrised in our models by
ther-band light-weighted agee,). It is found that the mean stellar population age of

the ETGs i2.840.3 Gyr, which is older than that found for the spiralsla§+0.1 Gyr.
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Figure 3.5: (a): M4 vs. SFR of the ETGs (large red stars) compared to the spilakiga (small
grey crosses)b): My/M, vs. SSFR of the ETGs compared to the spiral galaxies. The lears
indicate the mediao uncertainty on a data point.

This is consistent with the general picture that ETGs areraloln spirals. | note that
3/10 ETGs with bursts of star formation in the last 1 Gyr shastuatbed morphologies,
so galaxy interactions may be the cause of the burst. It isiplesthat more ETGs in
this sample are disturbed at a level which is not detecteldashallow imaging that is
available. Without deeper imaging, conclusions cannotrbevd about whether there
is a correlation between morphological disturbance andmtestar formation in this

sample.
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3.3.3 Comparison of broadband photometric and spectroscopstar

formation parameters

SFH parameters are traditionally measured using speojpasinformation, whereas |
used broadband data, so there may be a large uncertaintymengoameters. Walcher
et al. (2008) explored degeneracies in the SFH parameters froadbemd photome-
try using similar stellar population models to those in thisrk, and found thaf\/,,
age, andys are well determined. Wilét al. (2009) classify galaxies into star-forming
galaxies and quiescent galaxies using broadband and epeapic data, and found
a good agreement between these two classification methdety. also find the time
of last burst derived from broadband SED fitting agrees witt terived from spec-

troscopy.

To investigate whether fitting SEDs to broadband photomedryaccurately describe
the SFHs of our galaxies, | stack spectra of ETGs and spogkther in bins of SSFR
andr-band weighted age to look for trends in spectral featurbs.spectra are shifted
to rest wavelength and resampled onto a common wavelengih arhe spectra are
normalised to the median of the spectrum, and then combised) uhe median of
the spectra in each bin. Spectra which show signs of AGN (se&dd 3.5), or have
anomalous effects such as bad sky subtraction or fibre fripfCollesset al,, 2001)
have been removed. It can be seen from Figure 3.6 that asterp#te galaxies with
the highest SSFR show signatures of star formation such@sgsitl and [Oll1] and
[Ol1] emission lines. Going from high to low SSFR, the stréngf the emission lines
decrease; the same trends are found for age, with oldearspepulations showing

minimal signs of star formation.

3.3.4 UV-Optical Colours

Galaxy colour is often used as a proxy for the age of a stebbufation, with red
galaxies assumed to be old due to a lack of UV emission fromgatars. This simple
interpretation can become complicated, with young stemiing galaxies appearing

red due to dust obscuration, and old galaxies appearingdulaed¢o contamination of
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Figure 3.6: Stacked spectra in bins of SSFR (left) and stellar populatige (right). The bins
are arranged from high SSFR/young stellar population (topdpw SSFR/old stellar population
(bottom). The grey area shows the normalised, individuatsp, and the thick black line is the
median of these spectra, smoothed by a boxcalofBominent emission lines are shown by the
blue dashed lines. The number of spectra in each stack isaitedi in each panel.

the UV light by horizontal branch stats(O’Connell, 1999; Yiet al, 2005; Kaviraj

et al, 2009). Dariustet al. (2011) separate red and blue galaxies in the H-ATLAS
sample atNUV — r = 4.5 by fitting double Gaussians to the colour distribution.
They found thaHerschelpreferentially selects blue galaxies, and that 90 perddt o
ATLAS sources with red colours are not old/pasSivet have their light attenuated by

dust. | examine th&/UV — r colours of our morphologically-selected galaxies using

SUV contamination from old stars is unlikely to be a concelings our sample does not contain
giant elliptical galaxies (Yi, Demarque & Oemler, 1997)dddV flux from old stars is likely to be

swamped by that produced by young stars (Katal, 2011).
5Dariushet al.(2011) define ‘passive’ systems as galaxies which have fed(NUV —r > 4.5),

after correcting for dust obscuration.
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aperture matche@ALEX UV and GAMA optical photometry in Figure 3.7. Rest-
frame photometry is calculated usiRgCORRECTV4.2 (Blanton & Roweis, 2007),
and is corrected for galactic extinction using the reddgdetta of Schlegel, Finkbeiner
& Davis (1998). Overall, 93 percent of ETGs have availableM\thotometry. For
sources which have a 50 NUV detection’, | compute lower limits for the colours.

The mean error in th&/ UV — r colour is 0.08 magnitudes.

Using the colour cut of Dariusét al.(2011) atNUV —r = 4.5 in Figure 3.7 (a), | find
the ETGs have a range of colours, with 24 ‘blue’ and 15 ‘red@STMany exist in the
transition region between the red sequence and blue claduel SBFR of each galaxy
is represented by the colour of each point, and a correlatitn NUV — r colour is
observed. As expected, blue galaxies tend to have a higheR ,S8d red galaxies a
lower SSFR, although with some exceptions. In Figure 3.Th@)e is a wide range in
the colours of both morphological types, although the medi& V" — r colour for the
spirals is bluer than that of the ETGs. This trend is expestede spirals have more

of their stellar population dominated by young stars.

The red ETGs generally have low SSFR, but still contain arrepable amount of
dust. These sources have hi¢jh values which indicate the dust in these sources is
predominantly heated by an older stellar population, wigigks rise to the red colour
of these galaxies. These objects are observed at a time Wwhgrstar formation has
mostly ceased, either because they have used up all theprdaecause star formation
has been quenched by some process. Their dust has not yetdstesyed by sputter-
ing and shocks from type la SNe, which is discussed in Rovelahdl. (2012¥.

The ETGs which show signs of morphological disturbance gtehby filled circles
in Figure 3.7 a) have a range of colours. A Kolmogorov-Smir(t-S) test gives a
probability of 0.14 of the colours of disturbed and non-aiibed ETGs being drawn
from the same distribution; however, the difference is mgrisicantly different (.10).
In contrast, Kaviraj (2010) find that peculiar ETGs have gigantly bluerNUV — r
colours than relaxed ETGs. There is also a small populafi@b spirals withNUV —

r > 4.5, and these are discussed in the following section.

‘corresponding taVU'V > 23.0 in the AB magnitude system after galactic extinction caicac
8An investigation of the origin of dust in ETGs was undertakeRowlandset al. (2012), but is not

included in the thesis as the work was primarily done by aataltator, H. Gomez.
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Figure 3.7: (a) UV-optical colour magnitude diagram, colour coded acoaydo SSFR. Circles
are ETGs, crosses are spirals, filled circles indicate beaET G is morphologically disturbed. The
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limits are shown for galaxies which do not have>a5c NUV detection. (b): The distribution
of (NUV — r) colours for the ETGs (red/hatched) and spirals (grey) wiiave a> 50 NUV
detection.
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3.4 Passive and Red Spirals

There has been much discussion in the literature about whtté red colour of some
spirals is due to dust extinction or an old stellar poputaiid/olf, Gray & Meisen-
heimer 2005; Wolet al. 2009; Mastergt al. 2010b). Wolfet al. (2009) find optically
red spirals have a lower SFR than blue spirals, but also rolsti@e amounts of dust
which obscures star formation. This may be due to the inafusf edge-on spirals in
their sample, which would inherently have a higher dustnetiton because the central

dust lane is oriented along the line-of-sight.

Of the 15 red VUV — r > 4.5) spirals in our sample, only two have moderate
levels of star formation with SSER 10~!yr~!. The majority of the red spirals
have SSFR much lower than this. By selecting spirals withFBSR0~''yr~! | ex-
plore the properties of the 19-(5%) most passive galaxies in our spiral sample. |
note that this is different from the ‘passive’ definition ddgy Dariushet al. (2011),
which was based on dust-corrected UV-optical colour. Theresn the SSFR for
some passive spirals is large (up'tbdex), meaning that some passive spirals could
plausibly have SSFR 10~!''yr~!, however, the mean of the average SSFR PDF is
(2.6753) x 10~ 2yr~!. As a population, | can regard the average SSFR of passive spi
rals as being significantly(30) different from those of normal spirals (which have a
mean of(1.2 £ 0.1) x 10~ %yr~!). SDSS images, best-fit SEDs and optical spectra of

the passive spirals are presented in Figure A.2.

These spirals hav® UV — r colours ranging from 4.3 to 5.5, although there are 2/19
spirals for which NUV magnitudes are not measured due todhbece being in close
proximity to a bright star. | find 13/17 passive spirals aed'r and 3/17 are ‘blue’,
with one passive spiral having ambiguous colour due to arujmit on the NUV
magnitude. The majority of the passive spirals are not faamnthe extremes of the
colour distribution, and lie in the green valley. This inalies that the passive spirals
may be undergoing quenching of their star formation, and beatransitioning from

the blue cloud to the red sequence.
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3.4.1 Properties of passive spirals

A comparison of average PDFs derived from the SED fitting #passive and 431
normal (SSFR> 10~ !'yr~!) spirals is shown in Figure 3.8. The physical properties of
the individual passive spirals derived from the SED fitting presented in Table A.2,
and the mean physical properties of the population are suis@tain Table A.3. The
passive spirals have a high megn of 0.87 £ 0.02, indicating that the majority of
the dust luminosity is produced in the diffuse ISM, and pademostly by old stel-
lar populations. The distribution df-band optical depths in the passive and normal
spirals is similar, which argues against the passive spiraing red due to higher dust
obscuration. The differences found in opacity between assjpe spirals and the Wolf
et al. (2009) red spirals (which have twice the dust extinctionlaglspirals) may be
because | only examine passive spirals, and they selectseiple of red spirals on
the basis of optical colour alone. As | have shown in Secti@3red colour does not

necessarily mean that galaxies are passive.

The mean)M, of the passive spirals i1.210%) x 10 Mg, in comparison to that
of the normal spiral population which has a mean(bb + 0.1) x 10'° M. | find
95 percent of the passive spirals are massive With> 10'° M. This could be a
selection bias in that dust can only be detected in the mossinepassive spirals as
their M, /M, ratios are much lower than the normal spiral populationeratively,
Masterset al. (2010b) found that in their sample almost all red spiralseneassive
(M, > 10 M,). Figure 3.8 shows that the passive spirals in our sample hraxch
older stellar populations than the normal spiral popufatidhis is consistent with
Masterset al. (2010b), who found red, face-on spirals have older stelgrupations
than blue spirals, and are not post-starburst objects. stigjgests our spirals have not
stopped forming stars recently, and may have low SSFR bedaey have used up
most of their gas. This implies that, under some circum&sygpirals can retain their
spiral appearance for a few Gyr following the cessation efrtetar formation (e.g.
Bekki, Couch & Shioya, 2002). This interpretation is sugpdrby the time of last

burst, for which I find a mean af.8 9 Gyr for the passive spiral sample.
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Figure 3.8: Average PDFs of the SED parameters of 19 passive spiralsRESH~!lyr—1)
(blue line) compared to 431 normal spirals with SSFRO~!'yr~! (black line). The parameters
are (from left to right): f,,, the fraction of total dust luminosity contributed by théfae ISM;
M., stellar massMq /M., dust to stellar mass ratio; ande,, ther-band light-weighted age of
the stellar population. The uncertainty on each distrdoufor ETGs and spirals is given by the
error on the mean and is shown at the top of each histogramceitiesponding colours, and the
significance of the difference in the means in brackets. Trew®for logarithmic parameters are
in dex.

3.4.2 Inclination effects

Our sample of passive spirals is separated from the othephobtgically-classified
spirals on the basis of our SED fitting results, which usesamgle-averaged’ ap-
proach. Results may be biased for sources with high inétinat(da Cunhaet al,
2010b), so | calculate the inclination of our passive spitalcheck that there is not
a high fraction of edge-on galaxies in our sample. The minanajor observed axis
ratio b/a of the SDSSy-band isophote at 25 magcsec™ can be used to determine
inclination. A ratio ofb/a of ~1 indicates that a galaxy is face-dnx decreases as
the galaxy inclination becomes edge-on. The observediatialb/a can be converted

into an inclination using the relation (as used in Masétral., 2010a)
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(b/a)® — ¢*

A
ot (3.1)

cos’i =

where ¢ is the intrinsic axial ratio that would be measured for aneadg galaxy

(z = 90°). An estimate ofy can be obtained from the observed distribution of ax-
ial ratios for SDSS galaxies with different values of thegmaeterf,., (Stoughton,
2002). This SDSS parameter describes the fraction of thexgdight which is fit by

a de Vaucouleurs profile (the other fraction of the luminogtfit by an exponential
profile), and gives information about the bulge-to-diskxaktadopt the relation found

in Masterset al. (2010a)g = 0.12 + 0.10 X fpe,, and use thg-band definedfp.,.
The inclinations are listed in Table 3.2. Assuming that gi@ls appear approximately
edge-on fori > 75°, then a random sample of inclinations would lead to 17 pércen
of galaxies appearing edge-on. | find that 5/19 of our pasgivls have an edge-on
inclination, and so withirzo binomial errors our sample is consistent with a random
distribution of inclinations. da Cunhet al. (2010b) show that the SSFR derived from
SED fitting may be biased low for high inclinations/¢ < 0.4, corresponding to

1 > 67°). However, the SSFR of these passive spirals are suffigitol that after
accounting for this small bias the majority of these galsxweuld still be regarded as

passive.

| conclude that most of the ‘passive’ spirals are red bec#usg harbour old stellar
populations, not because of increased amounts of dust wahistures star formation.
This agrees with the findings of Mastessal. (2010b), who find that red spirals have
similar dust content (measured from Balmer decrements)u® $pirals at the same

stellar mass.

3.5 Star-formation and AGN fractions

3.5.1 Emission line diagnostics

| use optical emission line ratios plotted on a BPT diagramd®in, Phillips & Ter-
levich, 1981) to characterise the AGN activity in our H-ATEAETGs and spirals.
Line ratios and equivalent widths (EWs) are derived from3imsS MPA-JHU cata-
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Table 3.2: Inclinations ¢) in degrees of the 19 passive spirals in our sample. HéieschelSDP
ID is given in column 1p/a is the minor to major observed axis ratio of the SDSI%and isophote
at 25 magarcsec 2, fpe, IS an SDSS parameter which is the fraction of the galaxy fit e a
Vaucouleurs profileg is the intrinsic axial ratio that would be measuredifer 90°.

SDPID b/a fpew ¢ )
SDP.30 0.87 0.70 0.19 29.9
SDP.77 0.95 0.82 0.20 17.9
SDP.143 0.33 1.00 0.22 75.1
SDP.271 0.24 0.27 0.15 79.2
SDP.372 0.32 0.98 0.22 76.1
SDP.1544 0.78 1.00 0.22 40.0
SDP.1773 0.32 0.94 0.21 75.9
SDP.1888 0.51 0.40 0.16 60.3
SDP.2547 0.43 0.01 0.12 65.6
SDP.2612 0.31 0.00 0.12 73.1
SDP.3578 0.28 0.56 0.18 77.4
SDP.3935 0.58 0.98 0.22 56.4
SDP.4548 0.36 051 0.17 714
SDP.4639 0.73 0.02 0.12 439
SDP.4859 0.43 0.59 0.18 66.8
SDP.4964 0.64 0.35 0.16 51.3
SDP.5108 0.49 047 0.17 61.8
SDP.5226 0.62 0.95 0.22 534
SDP.7324 0.38 1.00 0.22 71.3

logu€ (Tremontiet al., 2004) and the GAMA survey (Drivest al, 2011). | regard

a line detection as- 30 above the continuum, but lines affected by sky emission or
fibre fringing are not used. For line fluxes derived from theSSsample, corrections
are made for stellar continuum absorption by subtractinteas population model
from the spectrum, and measuring emission lines from thduak(Tremontiet al,
2004). Where line fluxes are derived from GAMA measurementgyrection of 1.8

for stellar absorption is applied to the EW of thexldnd H3 emission lines (Hopkins
et al, 2003; Gunawardharet al,, 2011; Wijesinghet al,, 2011). Gunawardhare al.
(2011) found for Hk lines with log(Hx EW)< 0.9 there was a difference of more than
5% in EW when a range of absorption corrections ff@m— 1.3A was applied. Some
of our sources are below logHEW)< 0.9, but our results are unchanged if this range
of absorption corrections are used. In the cases wheredheraultiple measurements

of the same galaxy, | take the signal-to—noise weighted roktne line fluxes.

Shttp://www.mpa-garching.mpg.de/SDSS/DR7/
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Figure 3.9: BPT diagram showing H-ATLAS spirals (grey) and ETGs (blaekh all four lines in

each diagram detected at3o, with error bars shown. Those below the curved line are ifleds

as star-forming, those above the curved line are classifigdzN. Upper limits are shown for the

ETGs where at least two emission lines are detected. ETGshwiave radio emission (Section

3.5.3) are marked with a circle, and disturbed morphologi#sa diagonal cross.
| plot the [OIllI]/H 3 line ratio as a function of the [NII}/H, [SII]/H« and [Ol)/Ha line
ratios in Figure 3.9 for spirals and ETGs. | classify obj@s®\GN or star-forming first
from the [Ol])/Ha diagram, since [Ol] is the most sensitive to the presence &GN.
If the galaxy is not present in the [Ol] diagram, | use the]f8lk diagram, and finally
the [NIl)J/Ha diagram. On all diagrams, galaxies that lie above the cuhvedare
classified as AGN (Kewlegt al, 2001), and galaxies below the line are star-forming.
Low signal-to-noise [Olll] and K lines mean that some sources cannot be located on
the BPT diagram. In these cases, a source is classified as BnfASII/H o > 0.2.
In many ETGs, fewer than four of the required emission linesdetected, so upper
limits are utilised to locate the galaxy on the BPT diagranerehat least two lines are
present’. | present the classification fractions of ETGs in Table B18re than half of
ETGs are star-forming, but 45 percent of ETGs cannot beitiegslue to their weak
emission lines. For comparison, spiral galaxies are mgatteFigure 3.9 in grey, and

are mostly classified as star-forming.

In a sample of optically selected ETGs, Schawinskial. (2007b) found 61% are
star-forming, and 39% are AGN dominated, which is similathte fractions in our

H-ATLAS sample. Since the AGN fraction is consistent withttfrom an optically-

101n the case where there is3absorption, the H flux is not measured in the GAMA spectra, so 3
upper limits are used. Assuming a flat continuum, | estimia¢eatrea under a Gaussian line in pixels
(Npiz) with FWHM equal to the instrumental resolution of A,5and estimate the error on this line

given the mean noise in the spectrum &s/Npix X o.
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Table 3.3: Emission line classifications of H-ATLAS ETGs which can beobiguously classified

on the BPT diagram. These fractions do not include galaxigstwcannot be classified into either
category, which comprises 45 percent of the sample. Amhiguatassifications result from one or
more weak emission lines not detected-a8o, or measurements affected by skylines. The errors
arelo confidence intervals on a binomial population using a bet@ildution, which is appropriate
for small population numbers (Cameron, 2011).

Classification Number ETG Percentage

ETGs 23 100%
Star-forming 1342 5713,%
AGN 10 £ 2 4315%%

selected sample, this would suggest there is no link betweempresence of AGN
and dust emission, although it is interesting to note thextetfare few Low-lonisation
Nuclear Emission-Line Region (LINER) type galaxies in cample (although some
galaxies with upper limits may fall into this category). Tlaek of LINERS in our
sample may be because they are dust poor (Kauffnesrah, 2003b; Kewleyet al,,
2006), and so there may be a bias against detecting LINERSARUAS, although a

larger sample of galaxies is needed to confirm this.

AGN emission is not accounted for in the SED fitting, so gaaxvith AGN may be
poorly described by the MAGPHYS models. For the ETGs whickt RGN, their
SEDs look similar in the optical to those which are classiiscstar-forming. Kauff-
mannet al. (2003b) find that the optical spectra of type-2 AGN have a kfraadtion of
their optical light from non-stellar sources, and are vémyilgr to spectra of non-AGN
host galaxies, except for emission lines. Since our phiprogerties are determined
from broadband fitting and not from line strengths, progsrderived from broadband
optical data should not be affected by the presence of a2yp&N. Since Hatzim-
inaoglouet al. (2010) find no difference between the FIR/submillimetreoco$ of
star-forming and AGN galaxies; the FIR is insensitive to finesence of AGN and

therefore will not produce a bias in SED parameters.

3.5.2 Hx equivalent widths

| present the | EW distribution of our ETGs in comparison to spirals in Fig3:.10.
For the ETGs there is a range in EW from 0-20%ith a median of 8.4, which
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Figure 3.10: Ha EW (corrected for stellar absorption) of spiral galaxiese(y and ETGs
(red/hatched) which have 30 Ha detections. A K-S test shows that the ETGs have a proba-
bility of 1.7 x 10~* of being drawn from the same distribution as the spirals.r@foge the H
EWs of ETGs and spirals are not drawn from the same undertistgbution.

is lower than the median for the spirals in our sample (,iﬁ.ll'he median value
for the spirals is similar to that found for field galaxies bge3seet al. (1999). It

is not unsurprising that the EW of ETGs is less than that afagpi but nonetheless
some EWSs are substantial and indicate ongoing star form#tionsistent with the
broad-band SED fitting). The range oirHEWS in ETGs are comparable to those
found by Schawinsket al. (2009), who found EWs up to @6in their blue ETG
sample. Fukugitet al. (2004) found that visually-classified ETGs (with< 15.9 and

z < 0.12) have a similar i EW range as our sample, with 19 out of 420 E/SOs with
Ho EW > 10A (which represents star-forming galaxies in the Fukugital. (2004)
sample). In our sample, a much larger fraction (31 percdrduoETGs have H EW

> 10A, which is unsurprising given our FIR selection.

3.5.3 Radio detections

Another indicator of star formation and AGN activity is radémission. Smitlet al.
(2011) computed the statistical probability of a chancgratient between radio and H-
ATLAS sources using the frequentist technique of Dowetes. (1986), which used a
method to determine the most likely radio counterpart byosimy the source with the
lowest probabilityP of being a chance alignment. ETGs are cross-matched with the

FIRST radio catalogue in Smittt al. (2011), with 5/42 ETGs having radio counter-
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Table 3.4: q;r values for the 5/4MerschelETGs with reliable radio counterparts and SED fits.
Errors are propagated from the &rror on TIR and the local noise estimate at the source pasiti
measured in mJyF}, is the integrated flux density at 1.4 GHz in mJ.is the probability of a
chance alignment of the submillimetre and the radio sous@enputed in Smitet al. (2011).

Name SDP ID P Fi qir
J091205.8+002656 SDP.15 0.014 4.2553 +0.15
J090352.0-005353 SDP.45 0.048 0.9859 +0.17
J090718.9-005210 SDP.350 0.148 1.1858 +0.18
J090752.3+012945 SDP.1027 0.083 2.1468 4+ 0.41
J085947.9-002143 SDP.6427 0.077 8.6286 + 0.56

parts withP < 0.2, and so are considered to be likely associations. The raaissgon
may indicate the presence of an AGN and/or star formatiorl, gmpute the ratio
of the bolometric IR flux to the 1.4 GHz radio fluy;§) using the method of Helou,
Soifer & Rowan-Robinson (1985), see also Bell (2003);is defined as

—1o TIR _ 1o _ SiacHs (3.2)
QR = 10810 \ 375 1012W -2 810\ Wm2Hz 1 )° '

whereS; 4 qn, is the rest-frame 1.4 GHi-corrected flux density andIR . is the total

infrared luminosity (:°*), which is integrated betweeh— 1000m.

The ¢ir values for the ETGs are presented in Table 3.4. Three ETGs¢agwalues
which are consistent with the mediay; = 2.64 4+ 0.02 for 162 star-forming galaxies
in Bell (2003). 1 find two ETGs have;r values which are significantly lower than
that for star formation, which suggests the presence of m+#add AGN in these
galaxies. To rule out synchrotron contamination of the;6@Glux, | extrapolate the
1.4 GHz radio flux to 500m using a power law with a spectral slope Assuming
a = —0.8 the synchrotron emission at this wavelength is negligibiepared to the

dust emission measured at 200.

It is interesting to note the classifications of ETGs usingssion line ratios are con-
sistent with those from radio emission. The three ETGs vétha emission consistent
with star formation also have some of the bluest opticalwa@nd largest H EWSs.
For the ETGs which are classified as AGN using radio emissiase, (SDP.6427) is
classified as an AGN using emission lines. The other (SDP)132likely to be an
AGN from its line emission, although it has insufficient sagto—noise to confirm
this.
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3.5.4 Passive spirals

In most cases the spectra of the passive spirals show littte dHo. emission and a
strong 4008\ break (see Figure A.2), indicating low SFR and an old stgilapula-
tion. Strong sodium and magnesium absorption is often gbden the spectra, which
can indicate the presence of an old stellar population dn metallicity. Only 4/19
passive spirals have sufficiently strong emission line$ siiat they can be located on
a BPT diagram, and all of these are classified as AGN. This redyebbause AGN are
more common in massive galaxies (Kauffmaatral,, 2003b), although Masteet al.
(2010b) found that red face-on spirals have a higher AGNifsadhan blue face-on
spirals. The lack of emission lines in the majority of the péans consistent with their
being selected as passive in terms of star formation, andradécates a lack of AGN
activity. This agrees with radio data, as there are no matfirethese sources in the

FIRST radio catalogue.

3.6 Environment of Herschel detected sources

The environment of ETGs and spirals is examined by computieglocal density
around each one (Brough et al. in prep). To define the locaitigma volume limited
sample of galaxies is used wifll, < —20 andz < 0.18. The densityZy in Mpc 2 is

computed as

Sy = e (3.3)

wheredy is the projected comoving distance to thégh nearest neighbour within
+1000kms ', andN = 5. Densities are computed for all H-ATLAS galaxies which
haverp.,., < 19.4, and have good quality spectroscopic redshifts With < z <

0.18, which is the limit defined by the absolute magnitude limitloé sample.
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3.6.1 H-ATLAS ETGs

Using these criteria densities are measured for 30 ETGs afAd@irals detected in
H-ATLAS, which are compared in Figure 3.11. The densitigsH®Gs and spirals
both range from void to group environments (Balétyal., 2006), with most galaxies
residing in field environments. There are few H-ATLAS gaésxin group/cluster en-
vironments, so our galaxies do not sample the full range oéidies in the SDP field,
which range from~ 0.01 to 100 galaxieMipc~2. From the morphology-density re-
lation (Dressler, 1980), spirals are more numerous in lomsiig environments, and
ETGs generally reside in high density environments. HowevK-S test reveals there
is no significant difference between the densities of spiaald ETGs detected in H-
ATLAS. This is consistent with the findings of Dariushal. (2011), who found that
the detection rate of H-ATLAS galaxies split into blue and celours does not depend
on environment. Youngt al. (2011) observed a volume-limited sample of ETGs and
found a statistically weak dependence of molecular CO (wlsoften associated with
star formation) on local galaxy density, where CO detectiorere only marginally
lower in the cluster environment compared to the field. Coselg, blue ETGs have
been found in lower density environments than red ETGs (8iciski et al., 2007a;
Bamfordet al,, 2009), although these studies sampled both field and clestéron-
ments. Kannappan, Guie & Baker (2009) found that internmediaass ETGs are
common in low density environments, and suggest that theylmeaindergoing disk

re-growth.

It is possible that the range of environments probed is toallstm see a significant
difference in the densities of H-ATLAS sources as a funcabmorphology. The full
H-ATLAS data set will encompass the Coma cluster and margraith Abell clusters
and will allow a more in depth investigation of environmértiects. Since some of
the H-ATLAS galaxies are in low density regions, it is po$sithat our measure of
environment does not always reflect the true local densityjmastead traces inter-halo

distances.
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Figure 3.11: Comparison of densities for H-ATLAS spirals (grey) and ET&sl/hatched). A K-S
test (shown at top of histogram) shows that the null hypashesnnot be rejected, therefore the
samples are likely to be drawn from the same distribution.

3.6.2 Passive spirals

It is thought that passive spirals have had their star faomaguenched as a result
of galaxy interactions with the intra-cluster medium. Tb#n remove gas from the
outer halo, which stops the supply of fuel for star formationhe disk (e.g. Bekki,
Couch & Shioya, 2002; Wolét al., 2009). | use the local density estimates to test
for any environmental differences between our passive anchal spirals. Densities
can be measured for 17/19 passive spirals. Figure 3.12 stawvpassive spirals in
our sample mostly inhabit low density environments with adiae density of 0.28
galaxiesMpc 2, which is slightly higher than the median density of normgirals
(0.19 galaxiedipc—2). A K-S test shows that the distributions of densities ofspaes
and normal spirals are not significantly different, althlotigis may be due to our small
sample size. Our median density is different from Masteed. (2010b) who found the
red, face-on spiral fraction peakslatipc—2, and Bamforcet al. (2009) who found that
the density of red spirals peaks@¥ipc—2. While 19% of their red spirals are found
at densities< 1 Mpc—2, | find that 71% of our passive spirals lie at densities lower
than this. The differences in these fractions may be dueléztsen effects, since the
Bamford and Masters samples are selected to be ‘red’, rithar‘passive’, and also
because our H-ATLAS spirals are in low density environme®isr sample shows that

it is possible to have passive spirals at low densities. chale that environment is
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Figure 3.12: Environment of passive spirals with SSER10-!1yr~! detected in H-ATLAS
(blue), compared to normal spirals with SSER10~yr~! (grey). A K-S test shows a high
probability (shown at top of histogram) that both samplesdazawn from the same distribution.

not the only factor influencing whether galaxies are passiud the processes which

turn spirals passive occur at both high and low densities.

3.7 Properties of non-detected ETGs

| have identified a population of ETGs with substantial dussses, some of which
are actively star-forming. In order to understand how thupuydation is different from
optically-selected ETGs, | compare to a control sample ofppiologically-classified
galaxies in the SDP field. The control sample is chosen to theveamen(r, z) as the
H-ATLAS sample, and are not detected in H-ATLAS. The setettinethod for this

sample is described in Section 3.2.1.2.

3.7.1 Dust masses

The control sample is comprised of galaxies which are natafed in the submillime-
tre. | can, however, investigate the average dust mass mhdiptselected ETGs with
stacking techniques. The stacking was performed on baokgrsubtracted, unfil-
tered SPIRE maps by N. Bourne. All detected SPIRE sourcesutrteacted from the

map, so that the stack is not contaminated by sources outsideample. Stacking is
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performed at the positions of the ETGs in the control sampang the same method
as Bourneet al. (2012). Assuming all galaxies are unresolved point soufoegach
source a cut-out of the map is convolved with a point spreadtfan (PSF) centred
on the optical position, which is interpolated to the samelpgrid as the data map.
The flux of blended sources is shared out as described in gendjpx of Bourneet al.
(2012), but the effect of blending is negligible in this gy distributed sample, so
double-counting of flux does not affect the stacked valuéss method is effectively
similar to stacking in a PSF-filtered map. The backgroundlls/estimated by stack-
ing at random positions and this is subtracted from the sthéllax. The median value
in the stack is used in order to avoid bias from outliers. dwihg the same method as
Bourneet al. (2012), thelo error on the median is estimated from the distribution of
values in the stack as described by Gattal. (2001). This error estimate automatically
takes into account both the measurement error, which redasehe square root of
the number of objects stacked, and the intrinsic spread xés$lwithin the stack. By
stacking on the positions of 233 ETGs in the control sampted median fluxes of
2.9 + 0.5mJy at250pm (5.80), 0.8 + 0.6mJy at350um and—0.6 + 0.6mJy at500.m.
The 250m flux is consistent with the typical fluxes of the opticallylrgalaxies in

Bourneet al. (2012).

To obtain the median stacked dust mass, | calculate the casgt of each object in the
sample from its measured flux in Jy and its redshift, usingagqo 3.4. Again, the
error is calculated from the distribution of dust mass valinehe stack using the Gott
et al. (2001) method.

5250 D%K
kq(v) By, Ty)(1+ z)

My = (3.4)
Saso IS the observed 250m flux, Dy, is the luminosity distance at redshift B(v, Ty)
is the value of the Planck function at 26@ for a dust temperaturg;, and the dust
mass opacity coefficient;(v) is 0.8an*kg ' (following Dunneet al.2011). K is the

k-correction, which is given by

3+p hve [kTiso __ 1
K= (”_) —— (3.5)

]/e tho/k?Tiso — 17
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wherev, is the observed frequency at 269, v, is the emitted frequency arfl,
is the isothermal temperature of a greybody model nornaliseecover the stacked
flux at 25Q:m. | assume a dust emissivity indéx= 2.0 andT},, = 18.5 K, which
adequately describes the SEDs of optically selected gaddiBourneet al., 2012).

Assuming a realistic range of temperatures for ETGs of 2% %Temiet al, 2004;
Leeuwet al, 2004; Smithet al, 2012c), | find median dust masses in the raftgé —
4.0) x 10° M. The dust masses of the control sample ETGs are more thardan or
of magnitude smaller than the dust masses of the H-ATLAS ET@Hlcating that
the250um selected ETGs are indeed much dustier than the averagalbptelected
ETG.

3.7.2 Star formation histories and optical colours

| use the same technique as described in Section 2.1 to fit gitenavelength SEDs
of the 1052 control sample galaxies, usiimgupper limits for the FIR—submillimetre
fluxes. | reject 27 ETGs and spirals which have poor qualitid $iEs with y* > 30.
Although the parameters derived from the FIR-submillimetgion of the SED are
only constrained by the UV-NIR data, | can put similar coausits on SFH parameters
as for the250um selected sample, as most of the constraint for SFH parasreimes
from the UV-NIR photometry. A summary of the parameters\agtifrom the mean
PDFs is provided in Table A.3. Stellar mass is one of the mawvers of galaxy
properties, so it is important to check that thk distributions are the same for the H-
ATLAS detected and control ETGs. If this is the case then ayproperties can be
compared without a dependence on galaxy mass. Figure 3o¥&dhe stacked PDFs
of the stellar mass distributions for H-ATLAS and control &S are not significantly
different, since the control sample is selected to have dnees, > distribution. The
range ofMy/M, for the control ETGs ig1.4 — 6.8) x 10~° for 25-15K dust, and,
on average, the mean SSFR of the control ETGs is 1.1 dex |dveer that of H-

Higher dust temperatures have been found in some studie¥ @& Fe.g. Savoy, Welch & Fich,
2009; Skibbat al, 2011), but these usegti= 1.5 which results in a higher dust temperaturef — 4 K)
being calculated (Bendet al, 2003). Accounting for this difference ifi, these studies yield dust

temperatures which are consistent with our range of adojatle@s.
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Figure 3.13: Average PDFs of the SED parameters of 42 detected ETGs (line¢icompared to
222 control ETGs (black line). The parameters are (fromtéefight): M., stellar massyps/yr—!,
SSFR;¥/Mg yr~!, SFR; anchge,, ther-band light-weighted age of the stellar population. The
uncertainty on each distribution for ETGs and spirals igiby the error on the mean and is shown
at the top of each histogram with corresponding colours,thadignificance of the difference in
the means in brackets. The errors for logarithmic pararseterin dex.

ATLAS ETGs. A similar trend is found when comparing the me&R>f the ETGs.
For our control ETGs the meanband light-weighted age of the stellar population is

4.6 £+ 0.1 Gyr, which is 1.8 Gyr older than the H-ATLAS sample of ETGs.

The NUV — r colours of the control ETGs are computed as in Section 3add are
compared to the H-ATLAS ETGs on a colour-magnitude diagmafigure 3.14 (a).
These cover approximately the same rangi/jroy design. The distribution of colours
are shown in Figure 3.14 (b); the control ETGs are on averd@enagnitude redder
than the H-ATLAS detected ETGs. Since the control ETGs atedetected in H-
ATLAS these galaxies are less obscured by dust, with coldamsinated by stellar
population age rather than obscuration. The colour diffeeebetween detected and
control ETGs is therefore intrinsic. A handful of control &% have very blu&/UV —r
colours, but the dust masses of these star-forming galax@gsnot be high enough to

be detected by H-ATLAS. Alternatively, there could haverbagailure in matching
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the optical counterpart and submillimetre source, which ossibility for 7 of the
control ETGs, (of which 3 are ‘blue’). These, however, havery small reliability of
association as determined in Smahal. (2011).

3.7.3 Environments of Herschel non-detected sources

| compare the environments of control sample ETGs and spmaFigure 3.15, with
densities as calculated in Section 3.6. As expected, orageehe median density of
control ETGs is higher than that of the spirals, and in catti@the H-ATLAS ETGs
and spirals, a K-S test shows a low probability of the corl50Gs and spirals being

drawn from the same distribution.

To see how the environments of the detected ETGs are différ@m those in the
control sample, | compare the densities in Figure 3.16 a),fand they are different
at only thel.8¢ level. There is some indication that H-ATLAS ETGs are in lowe
density environments than optically-selected ETGs, batgelr sample size is needed
to confirm this. A comparison of the detected and controladpiusing a K-S test in
Figure 3.16 (b) shows that the null hypothesis cannot bectegjle therefore the en-
vironments of the detected and control ETGs are drawn framstime distribution.
The similarity of the distributions suggests that envir@mindoes not explain the dif-
ferences between the H-ATLAS detected and control samplés=however, small
sample statistics combined with a small range of envirortmearrently limits the

strength of our findings.

3.8 Conclusions

| have presented the properties off@um selected sample of 44 early-type galaxies
and 496 spiral galaxies in the 14 square degiteeschelATLAS science demonstra-
tion phase field. Both samples have panchromatic photorfretrythe rest-frame UV
to the submillimetre, which allowed me to fit SEDs to derivaistical constraints on
galaxy physical parameters using an energy balance taghnigthen examined the

properties of H-ATLAS galaxies as a function of morphol@gitype. | also compared
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Figure 3.14: (a} UV-optical colour magnitude diagram for H-ATLAS detectédd stars) and
control ETGs (grey crosses). Lower limits are shown for giaswhich do not have & 50 NUV
detection. (b): Comparison of theVUV — r colours for the detected ETGs (red/hatched) and
control ETGs (grey/filled) which haveza 50 NUV detection.
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Figure 3.15: Comparison of densities for control sample ETGs (red/fedtland spirals (grey).

As expected, the spirals have a lower median density thaETes. A K-S test shows a low

probability (shown at top of histogram) of the samples of ETa&d spirals being drawn from the
same distribution.
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Figure 3.16: Comparison of environments between H-ATLAS detected fr@dhed) and control
ETGs (a) and H-ATLAS and control spirals (b). For the detéaad control ETGs a K-S test
shows the two distributions have a low probability (showragt of histogram) of being drawn
from the same distribution, although this is only significahthe1.8c level. A K-S test of the
environments of the control and H-ATLAS spirals shows thatare likely to be drawn from the
same distribution.
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to a control sample of galaxies selected in the optical telhg same redshift and

band magnitude distribution as the H-ATLAS sample. Our megults are as follows.

e ETGs detected byierschelare atypical compared to optically selected ETGs.
A significant mass of dust is detected in H-ATLAS ETGs, with @am of5.5 x
10" M. Through stacking | find that dust masses are an order of rmami

higher than optically selected ETGs of a similar stellar snas

e Only a small fraction of H-ATLAS ETGs (24 percent) have evide for a recent
burst of star formation within the past Gyr. Some of thesexjak may have
had star formation triggered as a result of an interactioicated by disturbed
morphologies in 31 percent of the sample, although not sliudbed sources
show signs of a recent burst. The majority of ETGs have residw-level star
formation left over from the last burst a few Gyrs ago, andrtbptical colours
suggest they exist in the transition region between the bloed and the red

sequence.

¢ | find that the control ETGs have lower SSFRs and older stptiaulation ages
than H-ATLAS ETGs, which is consistent with the red UV-ogticolours of the
control ETGs. It is possible that the dust content may tleectbe related to the

time of the last major star formation episode several Gyes ag

¢ No significant difference is found in the environments of ALAS and control
ETGs, although this may be due to small sample size. Enviemrmoes not
seem to influence whether an ETG is dusty at the moderatedasities probed
in this study. Additionally, H-ATLAS ETGs are not found toside in high

density environments.

¢ | examine the properties of passive spirals in our samplelmave low SSFR
10~ ttyr~1, but still contain significant dust mass. They have lafgerand lower
My/M, than ‘normal’ spirals, and are red in colour, which is duertoll stellar
population, and not due to increased dust reddening. It $sipte that these
passive spirals have simply run out of gas to fuel star foionator their star
formation has been quenched by some process in the low gemsitronment

in which they reside.



Dusty early-type galaxies and passive spirals 71

Herschelcan probe the dust content of different types of galaxies aveide range of
redshifts. The full coverage of the H-ATLAS survey will aNldurther investigation of
dusty galaxy populations, with far larger numbers of ETGd passive spirals. This
will improve our understanding of objects which are transiing between the blue
and red sequence, either through rejuvenated star formatidhrough the cessation

of star formation as the supply of gas ends.
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Chapter 4

Dust in galaxies at high and low

redshift

4.1 Introduction

The first blind submillimetre surveys discovered a popalatdf luminous (g ~
10*? L), highly star-forming {00 — 1000 M,yr—1), dusty galaxies at high redshift
(Smail, Ivison & Blain, 1997; Hughest al., 1998; Bargeeet al, 1998; Ealest al,
1999). These submillimetre galaxies (SMGs) are thoughtetaifiidergoing intense,
obscured starbursts (Greeeal., 2005; Alexandeket al, 2005; Tacconet al., 2006;
Popeet al,, 2008), which may be driven by gas-rich major mergers (eagconiet al.,
2008; Engekt al, 2010; Wanget al, 2011; Riecherst al,, 2011), or streams of cold
gas (Dekekt al,, 2009; Davéet al, 2010; van de Vooret al, 2011). Measurements of
the stellar masses, star-formation histories and cluggnioperties of SMGs indicate
that they may be the progenitors of massive elliptical gakwbserved in the local
Universe (Ealest al, 1999; Blainet al,, 2002; Chapmast al,, 2005; Swinbanlet al.,
2006; Hainlineet al,, 2011; Hickoxet al, 2012). Due to their extreme far-infrared
(FIR) luminosities, it was proposed that SMGs were the hgtshift analogues of lo-
cal ultra-luminous infrared galaxies (ULIRGS), which arelargoing major mergers.
Evidence is now emerging that the SMG population is a mix ofgees and massive
star-forming galaxies (Davét al, 2010; Haywardet al, 2011; Targetet al, 2012;
Magnelli et al,, 2012), with the most luminous SMG$.,¢ ~ 10'*L.) being ma-
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jor mergers and lower luminosity SMGs being consistent witbulent, star-forming
disks. There are, however, still considerable unceresriti the physical properties of
SMGs (e.g. Michatowski, Hjorth & Watson, 2010; Michatowskial, 2012; Hainline
etal, 2011), which affects our view of how SMGs fit into the gengiature of galaxy

evolution.

SMGs have traditionally been found to residezat 2 — 2.5 (Chapmaret al., 2005;
Lapi et al, 2011; Wardlowet al, 2011), partly due to the effect of the negative
correction, which allows galaxies which are bright880.m to be detected across a
large range in redshift (Blaiet al, 2002, see also Chapter 1.3.2). Due to the long
integration times required to survey a large area of sk&panm, submillimetre sur-
vey volumes at low redshift have until recently been redsivsmall, leading to dif-
ficulties in obtaining a representative sample of dusty>gefain the local Universe.
With the launch of theHerschel Space Observato(Rilbratt et al, 2010), we can
now get an unprecedented view of dust in local galaxies. €lestope observes at
FIR—submillimetre wavelengths across the peak of the dms$sson, making it an
unbiased tracer of the dust mass in galaxies. HieeschelAstrophysical TeraHertz
Large Area Survey (H-ATLAS, Ealest al. 2010a) is the largest area survey carried
out with Herscheland has allowed us to quantify the amount of dust in galaxi¢isa
local Universe. By studying galaxies detecte®@i;m, Smithet al. (2012b) found
an average dust mass®f x 10" M, in local (z < 0.35) dusty galaxies. Furthermore,
the dust mass in galaxies is found to increase by a factdrof betweer) < z < 0.3
(Dunneet al,, 2011; Bourneet al., 2012), which may be linked to higher gas fractions
in galaxies at earlier epochs (Geasthal,, 2011; Tacconget al., 2012; Combest al,,
2013).

In this Chapter | investigate the physical properties otylgalaxies over a wide range
in cosmic time. | describe the sample selection of high andr&mshift dusty galaxies
in Section 4.2. Using the multiwavelength SED fitting codesPHYS (see Chapter 2),
| derive the physical parameters of high and low redshiftglgalaxies. A comparison
of the dusty galaxy populations are presented in Section e conclusions are
presented in Section 4.5. | adopt a cosmology wWith = 0.27, 2, = 0.73 and
H,=71kms ! Mpct.
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4.2 Sample selection

In order to investigate the physical properties of dustyagiagls over a range of red-
shifts, | construct a sample selected~at250um rest-frame wavelength. This com-
prises panchromatic data of low redshift galaxies from thRATHAS Phase 1 cata-

logue, and a sample of high redshift SMGs presented in Méggtadl. (2012).

4.2.1 Low redshift sample

To select a sample of low redshift dusty galaxies, | make tigheoobservations in
the HerschelATLAS Phase 1 field, which has similar characteristics ® $DP field
as described in Chapter 3.2. The Phase 1 field is centereded@atlaxy And Mass
Assembly (GAMA) 9, 12 and 15 hr equatorial fields (Drivetral, 2011), and covers
an area of~161 ded (~ 12 times the area of the SDP field). In a way similar to
that detailed in Chapter 3.2, a catalogue>@s detections in any of the 250, 350 and
500um bands was produced (Rigley al., 2011, Rigby et al. in prep., Valiante et al.
in prep.) using the MAD-X algorithm (Maddox et al. in prep)A®S flux densities
were measured for sources with SD&8and isophotal major axis (isoA) 30" by
placing circular apertures at the SPIRE positiodscatalogue of 109231 sources were
detected at- 50 at 25Q:m, with 100, 160, 250, 350 and 500 fluxes measured at the
250um source position. Similar to Chapter 3.2, tleenoise levels are 130, 130, 30, 37
and 41mJy per beam at 100, 160, 250, 350 ang.BQ@espectively. The identification
of optical counterparts to SPIRE sources is performed wsirigelihood-ratio analysis

as described in Chapter 3.2.

4.2.2 High redshift sample

High redshift galaxies are present in the H-ATLAS data (Aanbkt al, 2010; Smith
et al, 2011), however, the identification of secure optical ceypdrts to these sub-

millimetre sources is hampered by the relatively shallowili&ary optical imaging. |

IFor sources with isoA> 30", reliable PACS flux densities cannot be obtained due to pags

filtering in the maps. This issue will be rectified in the peliata release.
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therefore rely on publicly available measurements of sillbn@tre-detected galaxies
with robust optical counterparts and spectroscopic réidsini the literature. | utilise

a sample of SMGs detected in blank field (sub)millimetre sysv850 — 12001m)
which have robust counterparts identified with deep radierferometric submillime-
tre and/or mid-infrared (MIR) imaging in Magne8i al. (2012, hereafter M12). The
SMGs are located in fields which have excellent multiwavgilercoverage (GOODS-
N, GOODS-S, COSMOS and Lockman Hole), which is required oheoito derive
statistical constraints on galaxy physical propertiesg §ED fitting. In M12 the sub-
millimetre counterparts were matched withifi & SpitzerMultiband Imaging Pho-
tometer (MIPS; Rieket al. 2004)24,m positions associated with PACS and SPIRE
data at70pm, 100pum, 160xm, 250pum, 350pm and500xm from the PACS Evolu-
tionary Probe (PEP; Lutet al. 2011) andHerschelMulti-tiered Extragalactic Survey
(HerMES; Oliveret al. 2012). The reduction of the HerMES maps is described in
Smithet al. (2012a), and cross-identifications fum and SPIRE sources were per-
formed in Rosebooret al. (2010). The PACS and SPIRE fluxes of the sources were
extracted by fitting a point spread function (PSF) at2hem position, which allows
the flux of blended FIR sources to be recovered. Addition#tg inherent associa-
tion of a SPIRE source with a more accurate.m position allows for relatively easy

identification of multiwavelength counterparts.

M12 present photometry for 61 galaxies, however, | only @ershe 46 SMGs which
are unlensed. This is because the uncertainty in the maggioilcand source recon-
struction could affect the photometry and therefore inficlsystematics into physical
parameters derived from the SED fitting. | also conservitiggclude 6/46 sources
listed in M12 which have multiple robust counterparts to simillimetre source.
These systems are thought to be interacting, so the sulmeitié emission is thought
to originate from both sources and there is no way to quatitéyindividual contribu-
tion of each counterpart to the submillimetre emission.sbainly consider galaxies
which have a> 30 detection above the confusion limit in at least one of theREPI

bands; this criterion excludes four galaxies in the GOODfieN.

| match the counterpart positions presented in M12 to amgilbptical-MIR data us-

ing a ¥ search radius for optical data and’as2arch radius fagpitzerinfrared Array
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Camera (IRAC; Faziet al. 2004) data. | only include a galaxy counterpart in the
sample if it has IRAC data (axl;m detected galaxies are expected to also have IRAC
data). In the COSMOS field | use the broad bant B;,¢", V;,r*,it, 21, J K),
medium band{A427, 1 A464, 1 A484, I A505, 1 A527, I A574, 1 A624, I A679, I A709,
T1A738, [AT67, I A827) and narrow band B711, N B816) photometry as presented
in llbert et al. (2009) and Salvatet al. (2009). The publiSpitzerlRAC photometry
was retrieved from the COSMOS archiv&he GOODS-N multiwavelength catalogue
is briefly described in Bertat al. (2010, 2011) and includes PSF-matched photome-
try from HST ACS bviz (version 1.0), FLAMINGOS/H K3 and IRAC 3.6, 4.5, 5.8,
8.0um obtained with the ConvPhot code (Grazéral., 2006). Spectroscopic redshifts
from Barger, Cowie & Wang (2008) were added, as well as thecetedGALEX U-
band, radio and X-ray fluxes. Deep CFHT WirCAN|, band photometry was taken
from Wanget al. (2010) and 24 an@0um MIPS data are from Magnekit al. (2011).

In GOODS-S | use the compilation of photometry for SMGs pnése in Wardlow

et al. (2011) from the MUSYC (Gawisest al,, 2006; Tayloret al., 2009), IRAC pho-
tometry from SIMPLE (Dameset al,, 2011) and GOODS/VIMO%/-band data from
Noninoet al.(2009), in addition to deep and K, imaging. In the Lockman Hole | use
the photometry described in Fotopouletual. (2012), which comprises UV data from
GALEX Large Binocular Telescopé(B,V,Y, z') and SubaruR., I., ') photometry,

J and K photometry from UKIRT and MIR data from IRAC. Across all fisldi find

six sources which were included in M12 do not have opticalimed within 1. | fol-

low the recommendations in each catalogue and apply theargleffsets to correct all
of the photometry to total magnitudes. Additionally, | haeenoved any spurious or
problematic photometry, including COSMOS medium band pimatry where | sus-
pect that strong nebular emission lines contribute siganfiy to the flux. Deboosted
millimetre photometry is provided for some sources in M12veéhavailable. The final
sample comprises 30 SMGs with robust counterparts and pameltic data from the

rest-frame UV to the submillimetre.

In order to account for additional uncertainties, for exémpn deriving total flux

2http://irsa.ipac.caltech.edu/data/COSMOS/
3The KPNO 4m FLAMINGOS data were kindly provided by Mark Diakon, Kyoungsoo Lee and

the GOODS team.
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measurements and photometric calibration for the wideyarranultiwavelength data,
| add in quadrature a calibration error to the catalogueqohetric errors. For optical,
near-infrared (NIR), MIR and FIR bands | add in quadraturegp20cent of the flux.
| add 30 per cent of the flux in quadrature to (sub)millimetre360,m) photometric
errors to account for calibration errors and the uncergaimtdeboosting the fluxes.
For sources which are not detected, | set the fluxes to uppéslas detailed in the

respective catalogues.

4.3 SED fitting

The wealth of multiwavelength coverage for the sample otydgalaxies allows us
to derive physical properties using SED fitting technigu2se to a lack of FIR data,
studies of SMGs have often derived dust luminosities andfstenation rates based
upon fitting SEDs t&50m photometry alone. The availability bierscheldata across
the peak of the dust emission provides better constraintd@mlust luminosity and

temperature.

| use the method described in Chapter 2 to fit the SEDs of myxgeaand derive
physical properties. The low redshift galaxy SEDs are fingghe standard priors,
and the high redshift galaxy SEDs are fit using both the stahalad composite priors
as described in Chapter 2. Throughout this Chapter | prignaport the results using
the composite priors, as these model libraries explore @wpdrameter space than
the standardnAGPHYS libraries. As I find that the majority of SMGs are adequately
described by both the standard and composite priors, | ajsore the results derived
using the standard priors in cases where the choice of prilureinces the results. A
comparison of the physical parameters derived using timelatd and composite priors
is presented in Chapter 2.2 and a summary is provided in Patleln most cases |

find that the use of the composite priors do not significartignge the conclusions.

As a summary, the parameters of interest derived from the iy are f,, the
fraction of total dust luminosity contributed by the difeutsSM; M. /M, stellar mass;
My/Mg, dust mass;My/M., , dust to stellar mass ratid;(°*/L, dust luminosity;

TIMIK, temperature of the cold diffuse ISM dust componeRi“/K, temperature
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of the warm dust component in birth clouds;, total effectivel/-band optical depth
seen by stars in birth cloudsi{", the V-band optical depth in the ambient ISM;
Pslyr—!, specific star-formation rate (SSFR)/M.yr~!, and the star-formation rate
(SFR) averaged over the lash” years. For more details of the method | refer the

reader to DCEOS.

4.4 Results

The SEDs for the 30 high redshift galaxies are shown in Fid. BAfter examin-
ing the SEDs, | exclude 7/30 SMGs from the following analysisere useful con-
straints on galaxy physical parameters cannot be obtaineda anomalous photo-
metric data, where the spectroscopic redshift is incorteetwrong counterpart could
be matched to the submillimetre source or where the photgrisetontaminated by a
strong AGN (identified via clear power-law emission in théR)\Il retain weak AGN
(AzLOCK.1, AzLOCK.10, LOCK850.15) in the sample as theirl&Eare not signif-
icantly affected by excess emission. | exclude LOCK850.4Galnise there is a large
discrepancy between the photometric and spectroscopstifedThis was also noted
in Dyeet al.(2008), who propose that the spectroscopic redshift is fidrackground
source blended with a foreground galaxy which dominatesflthe measurements.
COSLA-155R1K, LESS017, LESS018 and LOCK®850.03 are alsavetitdescribed
by the model SEDs due to problems with the photometry. In #se ©of LESS017 the
FIR—submillimetre photometry appears offset in wavelbrighm the best-fit model,
which indicates that there may be an error in the redshiftHisrsource, or the optical
counterpart to the submillimetre source has been incdyrigleintified. Furthermore, |
exclude AzTECJ100019+023206 and LOCK®850.04 as theseigalhave significant
AGN contribution to their SEDs, although the inclusion oésle sources would not
significantly change the conclusions, as discussed in@edti.2. The high redshift

final sample comprises 23 galaxies WitH7 < z < 5.31.

To create a low redshift comparison sample, using the stedmalsGPHYS priors, | fit
the UV—millimetre SEDs of 18891 low redshifi.005 < z < 0.5) H-ATLAS galaxies.

These sources have a reliability0.8 of being associated with an optical counterpart
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in the SDSS-band catalogue, and which have available multiwavelepgtdtometry

(see also Smitlet al., 2012b). To ensure that | only include galaxies which hawedgo
photometry, | reject 3862 galaxies which have less than Iceet chance that their
photometry is well described by the best-fit model SED (seél5et al. 2012b for

details). Galaxies which are excluded from the sample hesagms with photometry
or AGN contamination, similar to the issues encounteredhénhigh redshift sample.
The rejected fraction from the low redshift sampP®%) is comparable to the high

redshift rejected fractior2%).

In this study | use the 15029 galaxies which have a greater ¥9aper cent chance
that their photometry is well described by the best-fit SEDdedo The low redshift
H-ATLAS sample is dominated by galaxies with lower stellaass than the SMGs.
In order to compare the two dusty galaxy samples, | constawgample of low red-
shift H-ATLAS galaxies which are matched in stellar masshie 8MGs. This was
accomplished by splitting the SMG sample into median-iik@bd stellar mass bins of
0.2 dex width and randomly picking galaxies in the sameatetiass bin from the H-
ATLAS sample, so that both distributions match. Since thATHAS sample is much
larger than the SMG sample, | pick 15 times the number of gedax each SMG bin
from the H-ATLAS sample, in order to achieve better sampdistics. If | attempt
to increase the size of the low redshift sample by more thatimiés then my ability
to match the distributions in stellar mass becomes wordeeatigh mass end. | note
that there is a lack of H-ATLAS galaxies with the very highstllar masses, there-
fore | cannot exactly match the stellar mass distributioblat> 104 M. The low
redshift mass-matched sample comprises 330 galaxiestdnl® galaxies are miss-
ing from the highest stellar mass bin centred10h!® M, which comprisest% of
the low redshift stellar mass-matched sample. The finab0um rest-frame selected
sample comprises 23 high redshift galaxies< 1.94) and 330 dusty galaxies at low
redshift ¢ = 0.25) of a similar stellar mass to the high redshift sample. Tlushét

distribution of the samples are shown in Fig. 4.1.

To compare the physical parameters of the high and low réd$insty populations,
| compute the average probability density function (PDFpafameters derived from

the SED fitting, which are shown in Fig. 4.2. For each paramketse the first moment
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Figure 4.1: Redshift distribution of the low redshift H-ATLAS sampléle solid histogram) and
the high redshift submillimetre galaxies (red hatcheddgsim).

of the average PDF to estimate the mean of the populatiom éstimate the variance
on the population mean as the second moment of the averagen#idis the mean
squared, normalised by the number of galaxies in the saniple.error on the mean
is simply the square root of the population variance. Thermedues and errors on
each PDF for the high and low redshift samples are summairiSeable 4.1, including

parameters for the SMGs derived using both standard andasitaegpriors.

The selection effects in the high redshift sample are ratberplex due to the nature
of the multiwavelength data, and are discussed in M12. Quagéime comparisons be-
tween the high and low redshift samples should thereforentegreted within the

selection functions of the samples. A larger sample of hegtshift galaxies encom-
passing less massive and FIR luminous systems would bditter as to assess the
evolution of physical properties of the typical galaxy ption from high to low red-

shift.

4.4.1 Comparison of parameters for high and low redshift popla-

tions

| first comparef, , the fraction of total dust luminosity contributed by théfuie ISM
for the low and high redshift samples, as shown in panel (B)gp#4.2. When consider-
ing the composite priors, the high redshift SMG sample haavenage a significantly

lower value off,, than dusty galaxies of similar stellar mass at low redsfitfis means
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Figure 4.2: Stacked probability density functions (PDFs) of the lowstaift (blue) and high redshift (red) samples. The paramsede (from left to right):f, , the
fraction of total dust luminosity contributed by the diffukSM; M., /M, stellar mass)Mq /Mg, dust mass)y /M. , dust to stellar mass ratid; °*/L,, dust luminosity;
TISMIK, temperature of the cold diffuse ISM dust compon@ig©/K, temperature of the warm dust component in birth clodgs;total effectivel’-band optical depth
seen by stars in birth clouds’*", theV-band optical depth in the ambient ISMg/yr !, specific star-formation rate (SSFR)(Myr~*, and the star-formation rate
(SFR) averaged over the lasi” years. The ranges of each panel reflect the width of the priine cold dust temperature for the low redshift sample ifiotsd to

15 — 25K and so does not sample the high temperatures allowed indgheddshift prior space. The justification of the choice alicdust temperature prior is examined

in da Cunheet al. (2010a); Smittet al. (2012b).
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Table 4.1: Summary of mean physical properties derived from stackingrobability density
functions (PDFs) for the different galaxy populations &ddn this Chapter. For each parameter,
| use the first moment of the average PDF to estimate the metire @iopulation. | can estimate
the variance on the population mean as the second momeng afvdrage PDF minus the mean
squared. The error on the mean is simply the square root qfdpalation variance, normalised
by the number of galaxies in the sample. The parametersfarethe fraction of total dust lumi-
nosity contributed by the diffuse ISM/,. /Mg, stellar massMy /Mg, dust massjMy /M. , dust

to stellar mass ratia, }°t/L, dust luminosity 7 }SM/K, temperature of the cold diffuse ISM dust
componentTZ¢/K, temperature of the warm dust component in birth clougs;total effective
V-band optical depth seen by stars in birth clougs;*’, theV-band optical depth in the ambient
ISM; 1/)7/M@yr_1, the star-formation rate (SFR) averaged over thell&%years;ws7/yr—1, spe-
cific star-formation rate (SSFR) averaged over the1aStyears;y® /Mo yr—!, the SFR averaged
over the last 08 years; and)s®/yr—?, the SSFR averaged over the 126t years.

Parameter Low redshift sampleSMG sample SMG sample
(standard prior) (composite prior) (standard prior)

fu 0.6440.01 0.17+0.02 0.3440.03
log1o(M.) 10.714+0.03 10.76+0.11 10.884+0.11
l0g10(M4) 8.17+0.03 9.03+0.09 9.20+0.08
logio(Ma /M., ) —2.54+0.03 —1.73£0.11 —1.68£0.11
l0g10(LY) 10.984+0.03 12.40+0.11 12.3440.11
M 19.840.2 21.740.9 20.840.6
TB¢ 44.3£0.5 42.341.8 45.7+1.8

Ty 2.7£0.1 5.4+0.7 4.1+£0.3
FLSM 0.740.0 1.140.2 1.540.2
logio(¥") 0.56-+0.04 2.3440.17 2.33+0.11
logio(1s") —10.15+0.05 —8.4340.17 —8.54+0.11
logho (%) 0.6140.04 2.38+0.11 2.08+0.10
l0g10(1)s®) —10.1140.05 —8.39+0.12 —8.80+0.09

that most of the dust luminosity in SMGs is contributed byhivéh clouds, which are
mostly heated by young stars with aged07” years. If the standard priors are used, the
values off, tend to be higher (see Chapter 2.2) but | still conclude tiattajority of
the SMGs haveg,, < 0.5. Therefore, the dust luminosity in most SMGs is dominated

by the birth cloud component.

In panel (b) | show the average PDF of the stellar masses cdM@&s and the low
redshift sample, which are selected to have the same stedlss distribution. | find a
mean stellar mass 68717 x 10'° M, for the high redshift sample, in agreement with

M12 and Hainlineet al. (2011).

In Fig. 4.2 panel (c) | find the SMG sample has a mean dust mas$df; x 10° M.,
in agreement with other studies of SMGs (Sanénal,, 2010; Michatowski, Hjorth
& Watson, 2010; Magdigt al, 2012). The dust mass of the SMGs are significantly
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higher thar50m rest-frame selected galaxies of a similar stellar massatddshift,
which have a mean dust mass(0f6 + 0.1) x 10* M. Furthermore, there is a distinct
lack of galaxies in the low redshift sample with dust massekaae as the dustiest
SMGs (M > 2.5 x 10°M). This suggests that there may be strong evolution in
the dust content of massive, dusty galaxies with redsimfagreement with Dunne
& Eales (2001); Dunne, Eales & Edmunds (2003); E&eal. (2010b); Dunneet al.
(2011); Bourneet al. (2012); Symeonidigt al. (2013). TheM, /M, values of SMGs

in panel (d) typically range from 0.01 tox 10~%, with a mean 0f).0190:393, which

is similar to theM, /M, values of SMGs in Santiret al. (2010). Santinet al. (2010)
found that SMGs have a factor of 30 highef; /M, values compared to a sample of
normal spirals from SINGS, whereas | find the SMGs in my samapeonly a factor

of 7 more dusty relative to their stellar mass compared torkaghift dusty galaxies.
This disparity may be because Sangnhal.(2010) compare to a representative sample
of local spirals, whereas the low redshift sample is seteotedust mass and therefore
will include dustier galaxies. In Fig. 4.2 panel (e) the dustinosities of the low and
high redshift dusty galaxy samples are significantly défer as the mean of the low
redshift sample i9.202 x 10'°L, whereas the high redshift sample has an average
dust luminosity around a factor of 30 higher. The integratdcared luminosity of
the high redshift sample(G) 7 x 10'2L,) is in good agreement with that found in
Hilton et al. (2012) for massived(3 x 10'° M), dusty galaxies at ~ 2. This shows
that dusty galaxies at high redshift are more luminous inRl& compared to dusty

galaxies of a similar stellar mass at low redshift.

In panel (f) | observe no significant difference in & of the SMGs and low redshift
dusty galaxies, and find a wide range of values for the cold tumsperature in both
samples. Examination of individual galaxy PDFs shows thedn often only place
weak constraints on the cold dust temperature componen¥f@ss even in the case
where there is good photometric coverage of the dust peals riay be because in
SMGs the dust luminosity is dominated by the birth cloud comgnt, which makes
it difficult to constrain the cold dust temperature in théube ISM. The stacked PDF
of T3Mrises towards the cold end of the prior for both the low andhegishift dusty

galaxy samples, with no clear peak in temperature. Setithl. (2012b) found that

the median cold dust temperature of the H-ATLAS sample wals, 20though this
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could only be determined for sources with PACS photometrgkvhllows the peak of
the dust SED to be sampled. The stacked PDHTPfin panel (g) also has no clear
peak, but shows a slight rise towards 30 K. Examination oividdal galaxy PDFs
shows that | can often obtain some constraint on the temperat warm dust in birth
clouds. When averaged over the whole SMG sample, the widgeraf7};“values
result in a flat stacked PDF. THeE“PDF is flat for the low redshift sample because
there is insufficient data shortward of the dust peak to caimsthe warm dust tem-
perature. As shown in panels (h) and (i), the total effectivband optical depth seen
by stars in birth clouds#(;), and in the ISM ¢{°*), is significantly higher for the
SMG sample compared to low redshift dusty galaxies. Thesalteeare consistent
with other studies which find that SMGs are very obscured @etbto local galaxies

(Menéndez-Delmestret al,, 2009).

Fig. 4.2 (j) shows that the mean SFR of the high redshift sartgMeraged over the last
107 years) is220750° M, yr—!, in agreement with other recent studies of similar high
redshift dusty galaxy samples (Banegfial., 2011; Hiltonet al, 2012; Lo Farcet al.,
2013; Caset al,, 2013). The average SMG SFR is consistent with those of nprma
massive [0'! M) galaxies at: ~ 2. | note that because | exclude SMGs where the
submillimetre emission may originate from multiple sow,dbe sample may be biased
against systems undergoing major mergers, which tend te thahighest SFRs. The
average SFR of the SMGs is around 70 times greater than the 8feR of the low
redshift sample, which has an average SFR &f 1 M yr—!. Dusty galaxies at high
redshift are therefore forming more stars than dusty getaad a similar stellar mass at
low redshift, which is consistent with the general pictufrgalaxy evolution. The lack

of highly star-forming galaxies in the low redshift sameaot a volume effect, as the
co-moving volume probed by the H-ATLAS Phase 1 dataisx 10® Mpc?, which is
comparable to the co-moving volume covered by the combifdBE survey areas of

GOODS-N, GOODS-S, COSMOS and Lockman Hadlet (x 10® Mpc?).

The mean SSFR of the SMG sample in Fig. 4.2 (kB.i&" 15 x 1072 yr~!, which
implies a doubling time of~ 270 Myr, similar to the gas consumption timescale of
SMGs from Tacconet al. (2008). The average SSFR of the SMGs is around 60 times
greater than the mean SSFR of the low redshift sample, whashah average SSFR
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of 6.175% x 10~'*yr~!. | note that choosing the standavGPHYS priors causes a
reduction in the SFR and SSFR for eight of the SMGs (see HJ. Zhe difference
in the stacked PDFs when using the composite and standama fior the SFR and
SSFR averaged over the 1d$f years are only 0.01 and 0.11 dex, respectively, which
is within thelo error on the parameter PDFs. When using the composite pihese
results are not sensitive to the timescale over which thBKR)is averaged. When
using the standard priors, the mean (S)SFR i8.25 dex lower when using a longer
star-formation timescale df)® years, compared to)” years. However, the choice of
prior or star-formation timescale does not change the csimh that dusty galaxies at
high redshift are forming more stars than dusty galaxiessoiglar stellar mass at low
redshift.

442 AGN

Evidence from X-ray emission suggests that the majority MIGS host an AGN
(Alexanderet al,, 2005), although it has been found that the FIR luminositgMiGs
is dominated by starburst activity (Hatziminaogleual., 2010; Pozziet al,, 2012).
Some SMGs in the sample show excess emission in the rese-fdRy, which is due
to hot dust originating either from an obscured AGN, or polgfrom small, hot dust
grains in star-forming regions (Hainliret al., 2009, 2011). For galaxies which have
small power-law contributions to the NIR, Hainlie¢al. (2011) estimate that the me-
dian stellar mass could be overestimated by around 10 pé&rwaher the assumption
that all of the NIR luminosity is from stars. Since thieGPHYS SED models do not
include a prescription for AGN emission, the inclusion obfmetric bands which
are contaminated with power-law emission can cause theopteity to be poorly de-
scribed by the model SEDs. As excess NIR emission can caesstd¢liar mass to
be overestimated, other parameters such as the SFR, @odild also be affected. In
order to test this, | use the Ivisaat al. (2004) S5,/ Ss0 — Ss.0/S45 diagram and the
colour cutSgy/Ss5 > 1.65 (for 1 < z < 4 galaxies) from Coppiret al. (2010) to
select SMGs which have power-law emission in the NIR. | fin#33galaxies have
power-law emission in the NIR (AzLOCK.01, AzLOCK.10 and L&850.15). | in-

clude one galaxy from the original sample of 30 SMGs which exaduded from the
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main results because of strong AGN emission (LOCK850.04Jo hot include the
AGN source AzTECJ100019+023206, as the poor quality ojgtivatometry does not

allow us to judge the effectiveness of the power-law subivaenethod.

| quantify the effect of AGN contamination on the derived pital parameters in
the most power-law dominated galaxies in the high redshifa@e. Following the
method in Hainlinest al. (2011), | subtract from the optical photometry a power law
parametrised by, o A%, with botha = 2 and 3. | assume the power law has a
maximal contribution akum (observed frame), so the power law is normalised to the
8um data point. | then subtract in incrementsofx the maximum power-law frac-
tion from all photometry shortwards 8f:m to account for possible hot dust emission
from either an AGN or star formation. When the power-law fi@t is large the op-
tical emission can be over-subtracted, therefore | set fensily values to an upper
limit at the value of the power law. | performaGPHYS SED fitting at each increment
to determine the galaxy physical parameters. The powerlantribution is deter-
mined as the combination of power law and SED fit which regulthe best-fitting
SED. Since the AGN contribution to the rest-frame MIR fluxes @ot known, | in-
clude data withh < A\ < 30um as an upper limit in the SED fitting procedure. |
assume that photometry longwards of rest-fradigm has a negligible contribution
from AGN emission (Netzeet al, 2007; Pozzet al, 2012). Some sources such as
AzLOCK.1 and LOCK850.04 show a clear preference fonan 3 power-law slope,
as a shallower power-law slope af = 2 over-subtracts the optical emission. The
«a = 2 slope results in poor-quality SED fits to the subtracted pmatry, therefore for
AzLOCK.1 and LOCK850.04 | only consider the results from the= 3 power-law
slope. For the majority of sources the choice ofar 2 or « = 3 power-law slope
does not produce significantly different results. The cleangstellar mass for individ-
ual galaxies ranges from 0.24 dex larger to 0.17 dex smdlhez.stellar mass changes
by slightly more than the error represented by the 84th—fiétbentile range on each
individual galaxy PDF (on average(.11dex). We find that the median-likelihood
f.,» SFR, SSFR, ané do not change substantially when | account for the emission
from a power law in the rest-frame optical-NIR. The chandeseoved in the param-
eters are typically within the error represented by the -84@th percentile range on

each individual galaxy PDF. For the galaxies which are remsified as having power-
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law emission in the lvisomet al. (2004) diagram, we find that subtraction of a small
power-law component from the photometry does not resultgniicant changes to
physical parameters. The galaxies with power-law emissoonprise a small minority
of the SMG sample. | therefore conclude that the changeseimtédian-likelihood

parameters due to power-law emission are therefore nbigitpr the SMG sample.

4.4.3 Correlations between star formation and dust conteni galaxies

The mass of dust and star formation are closely linked inxigda and this has been
shown to be due to an evolutionary sequence (da Cahbh 2010b), where galaxies
with high (S)SFR produce copious amounts of dust. As the gpplg is consumed
by star formation, the (S)SFR drops and the dust mass desreassupernova shocks
and astration destroy dust grains in the galaxy. To place Skt low redshift dusty
galaxies in their evolutionary context, in Fig. 4.3 (a) | shithe dust mass as a function
of SFR. The SMGs have dust masses which are much higher taanajority of the
low redshift sample, yet there are a small number of galaatiksv redshift which have
dust masses comparable to the SMGs. The lack of very dusdyigalat low redshift
suggests evolution in the dust content of massive galaxaesden) < z < 3. One
clear trend is that the SMGs have star-formation rates wdwierhigher by 1-2 orders
of magnitude compared to the low redshift dusty galaxiemil8rly, a trend between
dust attenuation and SFR, and an increase in SFR towardsrhigtishifts was also
found by Sobrakt al. (2012) and Rosebooet al. (2012). There is a dearth of highly
star-forming galaxies in the low redshift sample, howetres is not a volume effect.
The co-moving space density of SMGs with a SFR greater thmamtman of the SMG
PDF @ > 220 Mgyr—1)is1.1 x 10" Mpc—3, whereas the co-moving number density
of galaxies above the average SMG SFR at 0.5 is smaller 0.2 x 10~ Mpc—3).
Since | only consider SMGs in the sample with good SED fits arallable mul-
tiwavelength data, the co-moving number density of highér-forming SMGs is a
lower limit. Galaxies with such high SFRs are rare in the l@agshift Universe, so
there is a substantial evolution in the SFR in dusty galaigss low to high redshift.
The increase in star-formation rate could be due to galeatidsgh redshift having

larger gas fractions (Geaddt al, 2011; Tacconet al, 2012; Combet al., 2013).
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Alternatively, the SMG sample may have a larger fractiomtéiactions and mergers
relative to the low redshift sample, which can cause in@e#asthe SFR and dust lu-
minosity in galaxies (Georgakakis, Forbes & Norris, 20000is et al., 2004; Lanz
et al, 2013).

In Fig. 4.3 (b) | plotM, /M, as afunction of SSFR. The addition of SMGs allows us to
extend my investigation of th&/, /M, —SSFR relation to higher redshifts, beyond that
studied in da Cunhet al.(2010b) and Smitlet al. (2012b). The high redshift galaxies
typically occupy the high SSFR end of the low redshift relatiwhich means that
these galaxies are at an earlier stage of evolution compartt low redshift dusty
galaxies of a similar stellar mass. A few SMGs at the lowedshéts lie in the same
part of parameter space as the low redshift sources. Thisaited that these galaxies
may be more evolved than the majority of SMGs, and are morgagito low redshift

dusty galaxies.

In Fig. 4.3 (c) | plot SSFR and/y/v, which is closely linked to the dust-to-gas ratio
(da Cunheet al,, 2010b) via the Schmidt-Kennicutt law. The high redshifiagees lie
along the relation defined by the low redshift H-ATLAS sampilat have considerably
lower My/y) values than the low redshift dusty galaxies. This suggémsts SMGs
are more gas-rich than low redshift dusty galaxies of a sinstellar mass. This is
consistent with observations of evolution in the gas fraddiin galaxies from = 0—2

(Geachet al,, 2011; Tacconet al,, 2012; Combest al,, 2013).

4.4.4 The nature of star formation in SMGs

Clues to the stellar mass build-up of galaxies can be fouadhe relatively tight
correlation between stellar mass and SSFR, known as then“seguence”. The slope
of the main sequence has been found to be approximatelyasarfsr 0 < =z < 3
(although this is sensitive to survey selection effectg Benneet al. 2009b, and
references within), but with the normalisation increasarfgctor of 20-30 in the range
0 < z < 2 (Noeskeet al,, 2007; Elbazet al., 2007; Daddiet al., 2007; Dunneet al,
2009b; Rodighieret al., 2010; Whitakeet al., 2012). Galaxies which lie on the main
sequence of star formation are thought to be secularly sglwith starbursts lying

above the main sequence. Due to their high inferred SFRdiesthave found SMGs
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Figure 4.3: (a) The relation between dust mass and SFR, dust-to-steligs ratio and SSFR
(b), and (c) dust mass/SFR and SSFR for the low and high fedsimples (dots and crosses,
respectively). The SFR and SSFR are averaged over theé(astears. Points are coloured by
redshift, showing that SMGs are dustier, forming more saacshave lower dust-to-gas ratios than
dusty galaxies of a similar stellar mass at low redshift. @frer bars indicate the median 84th—
16th percentile range from each individual parameter PBé-thin and thick error bars correspond
to the low redshift H-ATLAS and high redshift SMG samplesectively.
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Figure 4.4: The relation between stellar mass and SSFR (averaged evkastii0” years) for the
high redshift sample (large points), with the low redshifAHLAS sample shown for reference
(small points); points are coloured by redshift. The SSF& gtnllar mass derived from the SED
fitting using the composite priors are shown as filled points@osses show the parameters derived
using the standard priors. The main sequence of star-forméaxies is shown at = 0.25
andz = 1.94 (the mean redshifts of the low and high redshift samplesyeeérfrom Whitaker
et al. (2012). The colours of the main sequence lines correspotitetoedshift colour bar. The
typical scatter around the main sequence from Whitakat.(2012) is 0.34 dex, and is independent
of redshift. The error bars indicate the median 84th—16tkeile range from each individual
parameter PDF; the blue (thin) and green (thick) error banespond to the low and high redshift
samples, respectively.

to lie above the main sequence of star formation, (Da&ddil., 2009; Genzektt al,

2010), which leads to the idea that these systems are m&aemdriven starbursts.

To determine which SMGs are starbursts, | compare the SS&Rtalar mass of each
galaxy to the position of the main sequence at the galaxyhiftd§ he star forming
main sequence is derived using the redshift-dependentngariaation in Whitaker
et al. (2012). | define a starburst as a galaxy with a SSE&Rhigher than the main
sequence at a given stellar mass and redshift (Rodigliead, 2011). In Fig. 4.4,
the low redshift dusty galaxy population are mostly starriimg galaxies with SSFRs

consistent with the main sequencefak =z < 0.5. Only ~ 7% of the sample are
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classified as starbursts. However, at high stellar masses #ne a significant number
of dusty galaxies below the main sequence. These galaxigbesimilar to the dusty
early-type galaxies and passive spirals investigated wi&wset al. (2012). The
galaxies below the main sequence may be in the process dirghdown their star
formation, but still harbour a substantial amount of dustmAch higher fraction of
high redshift dusty galaxies are starbursts, with 10/234}#8f SMGs lying above
the main sequence at a given redshift (using the composdesjpr This supports the
idea that the SMG population is a mix of massive star-forndisds and starbursting
merger-driven systems (Haywaetl al., 2011; Magnelliet al., 2012). It is interesting
to note that using the composite priors increases the staldss and SSFR of the
SMGs relative to the standard priors, which results in gamoving to the top leftin
Fig. 4.4, with the exception of the very high redshift SMG at 5.31. Using the stellar
mass and SSFR values derived using the standard priors /28 &%) of SMGs are
starbursts. Using the standard priors results in margif@alier starbursts compared to
the results derived using the composite priors. Howevecesihe difference between
the two priors shifts galaxies in SSFRE space approximately parallel to the main
sequence, the choice of prior does not significantly changeconclusions that the

SMG population is a mix of normal galaxies and starbursts.

There is, however, some disagreement over the interpratafithe location of SMGs
on the SSFRA/, plane. Caset al. (2013) found that when using the dust-corrected
UV derived SFR, the majority of SMGs lie on the main sequebhaoethe SFR derived
from the FIR luminosity is larger by a facter 13. This means that the choice of SFR
indicator changes our view of SMGs as existing on the maineece or undergoing
a starburst. The difference in SFR may be because the dustction in the UV is
underestimated, as this is often based on extinction in abgalaxies which are less
obscured than SMGs. Alternatively, the SFR derived fromrfrared luminosity may
be overestimated if young stars are assumed to be the oniyhdagng mechanism.
In this work, and in Lo Farcet al. (2013), it is found that in some SMGs there is
a non-negligible contribution to the infrared luminositgr the diffuse ISM, which
is mainly heated by old stars (Ben@ob al, 2012; Grove<t al, 2012). Therefore,
when determining the SFR, careful consideration of the $iD is needed. It has

been suggested that mergers do not cause a significant emhamnicin the SSFR of
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SMGs (Haywarcet al., 2011) and so merging SMGs are observed to be on the main
sequence. Further investigation of large samples of SM@swell constrained phys-
ical parameters are needed in order to understand how SMGslated to the general
galaxy population. Using the analysis of the full galaxy SE€onclude that the SMG

population is a mix of main sequence and starburst systems.

4.5 Conclusions

| have presented the physical properties of a rest-frzZifiem selected sample of mas-
sive, dusty galaxies, in the range< z < 5.3. The sample consists of 23 high redshift
SMGs from Magnellet al.(2012) and 330 dusty galaxiesat05 < z < 0.5 from the
HerschelATLAS, selected to have a similar stellar mass to the SMGsthBamples
have panchromatic photometry from the rest-frame UV to tiasllimetre, which
allowed me to fit SEDs to derive statistical constraints olaxgaphysical parameters
using an energy balance technique. | compared the physmadgies of the high and
low redshift samples and found significant differences endhisty galaxy populations.

My main results are as follows:

e The sample of SMGs have an average SFR20f"10° M yr—!, and harbour a
substantial mass of dust.{ "3 x 10° M), compared tg1.6 + 0.1) x 108 M,
for low redshift dusty galaxies. | find SMGs have significgigher SFRs, dust
masses and obscuration thanc 0.5 dusty galaxies selected to have a similar
stellar mass. The differences between the high and low ifedklsty galaxy

populations may be driven by an increase in the gas fractibigher redshifts.

e From my SED analysis | find that a large fraction of the dustihosity in SMGs
originates from star-forming regions, whereas at loweshéts the dust lumi-

nosity is dominated by the diffuse ISM.

e Around 40 per cent of the SMGs lie above the main sequencaof@mation
at a given redshift. This supports the idea that the SMG @djoul is a mix
of massive secularly evolving galaxies and starburstingsiibly merger-driven

systems.
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The origin of dust in high redshift SMGs is explored in Chafite



Chapter 5

The origin of dust in submillimetre

galaxies

5.1 Introduction

The dominant origin of dust in the local Universe is thoughbé the stellar winds of
low—intermediate mass stars (LIMS) in the asymptotic glamanch (AGB) phase of
evolution (Ferrarotti & Gail, 2006). Recent work has reeeba‘dust budget crisis’
whereby the mass of dust observed in galaxies at low red&héftsuuraet al., 2009;
Dunneet al, 2011; Rowlandet al, 2012) and at high redshift (Michatowski, Watson
& Hjorth, 2010; Gall, Andersen & Hjorth, 2011) cannot enlyrée accounted for by
stellar mass loss from LIMS. At > 5 there is speculation about the source of dust,
as there is not enough time for LIMS to evolve to their dustpimng phase~ 0.5 —

1 Gyr). It has been proposed that supernovae are prolific dadupers at early times
(Morgan & Edmunds, 2003; Nozawet al., 2003; Dunneet al,, 2003, 2009a; Gall,
Hjorth & Andersen, 2011), as supernovae can produce dushestales much shorter
than that taken for LIMS to reach the AGB phase. Dust has betattéd in supernova
remnants (Dunnet al, 2003; Krauseet al, 2004; Sugermaet al., 2006; Gomez
et al, 2009; Rheet al,, 2008; Barlowet al,, 2010; Matsuura&t al, 2011; Temimet al,,
2012; Gomezt al, 2012b), although evidence for large quantities of dustaies
controversial. Furthermore, the mass of dust which susviie supernova shocks is

highly uncertain (Kozasat al, 2009; Jones & Nuth, 2011). Alternatively, significant



96 The origin of dust in submillimetre galaxies

dust grain growth may occur in the ISM at both high redshiftqihtowski, Watson &
Hjorth, 2010; Hirashita & Kuo, 2011), and at low redshift (Bky Galliano & Jones,
2007; Dunneet al,, 2011; Inoue, 2012; Kuo & Hirashita, 2012; Mattsson, Andar&

Munkhammar, 2012), which could make up the shortfall in thetthudget of galaxies.

In order to investigate the origin of dust in high redshiftega@es, in this Chapter |
compare the observed dust masses of the 23 SMGs investig&édpter 4 to predic-
tions from a modified version of the chemical evolution maafeMorgan & Edmunds
(2003, hereafter MEO3). In Section 5.2 | describe the chah&eolution model and
the modifications that | have made. By considering dust suirom LIMS and super-
novae in Section 5.3 | present my investigations into thginmof dust in a closed box
model. | also consider the effects of dust destruction aathgyrowth on the dust mass
of SMGs. In reality, as galaxies are unlikely to be closedays, | then investigate
models with inflows and outflow of gas. Finally, | consider #feect of a top heavy

initial mass function (IMF) on the properties of SMGs.

5.2 Description of the model

In order to investigate the origin of dust in high redshifteg@es, | compare the ob-
served dust masses of the 23 SMGs investigated in Chaptepredictions from a
modified version of the chemical evolution model of MEO3. Thedel has a ba-
sis similar to chemical evolution codes in the literaturen§ley, 1980; Pagel, 1997;
Dwek, 1998; Calura, Pipino & Matteucci, 2008). By relaximg tinstantaneous recy-
cling approximation to account for the lifetimes of starsldferent masses, the model
tracks the build-up of heavy elements over time produced IMS_and supernovae.
Given an input SFH, gas is converted into stars over timeyrasgy an IMF. Heavy
elements are produced by both LIMS and supernovae, wittcadraof metals turned
into dust. The majority of the SMGs areak 4, which gives enough time for LIMS
to evolve to their AGB phase and contribute to the dust budiygterefore consider

both supernova and LIMS as dust sources.

For completeness, | will now describe in detail the chemagwalution equations in the
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model. The total mass of the system is

M =g+ s, (5.1)

whereg is the gas mass andis the stellar mass. The gas mass changes with time as
described in Eq. 5.2, as gas is depleted by the SKR, and returned to the ISM as
stars diee(t).

% = () + e(t) + (1) — O(1) (5.2)

The first two terms in Eg. 5.2 on their own describe a closed dystem. The last
two terms are added to describe an open box scenario withflawiand outflow of
gas.! is the inflow rate and is outflow rate. Both are parametrised as a fraction of
the instantaneous SFR. Assuming that mass loss occursrdy@dehe end of stellar

evolution, the ejected massy) from stars is

my

e(t) = / [ — ma(m)] (¢ — 7m)$(m)dm, (5.3)

Mrm

and following Iben & Tutukov (1984) the remnant mass is

(

m if m <0.5Mg

mgr(m) = € 0.124m + 0.446 if 0.5 < m < 8.0M,, »

1.44 if m > 8.0 M,

\

The function has been adjusted so that the remnant masstiswauns across the pro-
genitor mass range,,, is the stellar lifetime of a star of a massfrom Schalleret al.
(1992),my = 100Ms andm.,, is the stellar mass of a star whose age is that of the

system. A star formed a&t— 7,,, has died at time,,,.

For self-consistency with my SED fitting method | adopt a Gleal§{2003) IMF, unless

stated otherwise. This takes the form:

_ (log(m)—log(me))?

0.85¢ = E it < 1M
¢Chabrier(m> = s
0.24m™*%3 if m > 1Mg

wherem,. = 0.079 ando = 0.69. The IMF is normalised ta in the mass range.1 —
100 M. I note that the choice of a Chabrier IMF results in highert gusduction than
other IMFs such as Scalo and Salpeter, as fewer starsmwith 1 M., are produced

which lock up gas and metals for timescales of the order oHihigble time.
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The evolution of the mass of metals in the IS is described by

L(jtg) = —Z(t)(t) + e.(t) + Z11(t) — ZoO(t). (5.4)

The first term of Eq. 5.4 describes the mass of metals lockél stprs, and the second
term describes the metals returned to the ISM via stars asided in Eq.5.5. Together
these two terms describe the evolution of metals in a closgdipstem. Note that the
metals include the heavy elements in both the gas-phasenatukt. The third term
of Eg. 5.4 describes an inflow of gas with metalliciy at a ratel. The fourth term
of Eq. 5.4 describes an outflow of gas with metallicky at a rateO. In the model |
assume that the gas and metals in the ISM are well mixed, atiet sutflow removes
gas at ambient metallicityypo = Z. | assume that inflows deliver unenriched gas
with Z; = 0. The mass of heavy elements ejected by stars at the end pfitiesiis
described by
my
) = [ (b malm)) Z(t = ) + mp.) it = )o(m)dm. - (5.9

My

wheremp, is the yield of heavy elements from a star of initial masand metallicity
7, interpolated from Maeder (1992) for massive stars, anohfikdarigo (2000) for
LIMS. The integrated yieldz(.) is defined as the mass fraction of stars formed in the
mass range; —mo Which are expelled as heavy elements Eq. 5.6. Further details
are given in MEO3.

pe= [ mp.(m)o(m)dm (5.6)

mi

The evolution of dust masgd) with time is described by

SMo
W~ [ a2 = rxat(t = )
" 40Mg
+/ mp:x1¢(t — Tin )G (m)dm
SMo
— yp(t) — yg0aest(t) + yg0grow(t)
+yrl(t) — yoO(t). (5.7)

The first term describes the dust injected into the ISM by LJM® second term ac-
counts for dust produced by supernovae and massive stdrsmwit 8 M, and the

third term accounts for dust lost in forming stars (astratio
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The dust condensation efficiencigs,(Eq. 5.8) andy, (Eq. 5.9), describe the fraction
of heavy elements which are incorporated into dust for nesylythesised elements
(e.g. in supernovae), and pre-existing heavy elements (e stellar winds), respec-
tively. The dust condensation efficiengy ~ 0.22 (depending on the progenitor mass),
andy, = 0.45, following Edmunds (2001) and MEOS3.

B Mass of dust formed in ejecta
~ Mass of freshly formed heavy elements in ejecta

X1 (5.8)

~ Mass of dust formed in stellar winds
~ Mass of heavy elements in stellar winds

X2 (5.9)
The dust condensation efficiencies for LIMS are taken fromOBIEwho predicted
(1 —2000) x 107> M,, of dust per LIMS, depending on the initial stellar mass and
metallicity. The dust yields from Type Il supernovae arestakrom Todini & Ferrara
(2001, hereafter TFO1) following MEO3, who predicted0.1 — 1.0 M, of dust per
supernova, depending on the progenitor mass and metalli@itrrent observations of
Galactic supernova remnants generally have not detectades dust as TFO1 predict
with (unambiguous) detections of warm dust averaging.1 M. (Rhoet al, 2009;
Barlow et al, 2010; Gomezt al, 2012a). Indirect (or more ambiguous) evidence
suggests there may be a massive colder population of dyst (20 K) in supernova
remnants (e.g. Dunret al, 2003; Gome=zt al., 2009; Dunneet al, 2009a; Matsuura
et al, 2011) but in many cases, resolution and Galactic cirrusentaése observations
difficult to interpret. The yields from TFO1 are therefordrexely optimistic, even
more so when combined with the large uncertainty on how mush fbrmed in the
ejecta will survive the passage through the shockfronts. @anchi, Schneider &
Valiante, 2009). | do not include dust produced by Type leesnpvae, as these events
are not thought to contribute a significant mass of dust tol8M (Gomezet al,
2012a).

Dust is thought to be removed from the ISM by the sputtering) stmattering of dust
grains by supernova shocks (e.g. McKee, 1989). Dust déstruis accounted for in

Eq. 5.7 by the termygd..s.(t). Following Dwek, Galliano & Jones (2007) the dust
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destruction timescale is described by Eq. 5.10

9

| 5.10
mism Rsn (1) ( )

Tdes =

therefore) = Td_el in Eq. 5.7. The gas massgjsandmsyis the effective mass of dust
cleared by each SN event, which is taken ta b0 M. Rsy is the SN rate:

40Mg
Rsx(t) = / d(m)Y(t — 7 )dm. (5.11)

8Mg

Estimates of how much dust survives the supernova shoclsraeehighly uncertain,
and Dwek, Galliano & Jones (2007) propose thag,; may be as low as00 M, if

dust destruction is inefficient in high redshift galaxies.

Dust grain cores are predicted to accrete atoms in the celtsedregions of the ISM
(Dwek & Scalo, 1980; Tielens, 1998; Zhukovska, Gail & Tri&l@008; Draine, 2009;

Jones & Nuth, 2011). Considering the shortfall in stellastdsources, dust grain
growth may be a significant contributor to the dust budgetalaxjes (e.g. Draine,
2009; Pipincet al,, 2010; Gall, Hjorth & Andersen, 2011; Kuo & Hirashita, 2012)

include grain growth in the model following the prescriptiof Mattsson, Andersen
& Munkhammar (2012), where the rate of grain growth is praipoeal to the mass of
metals and the SFR, which is linked to the fraction of the |3Nhie molecular phase

where dust grains may grow.

Following Mattsson, Andersen & Munkhammar (2012), the 8oade for mantle growth
in the ISM is given by

Z —1
Terow = To <1 — %) , (5.12)
= <z X 1, (5.13)
g

whereg is the gas mas], is the dust-to-gas ratid; is the metallicity (ratio of metal
mass to gas massy), is the SFR and is an efficiency parameter. In order to obtain
a minimumTy,.,, ~ (4 — 9) x 107 years in the fiducial models in line with expected
grain growth timescales (Zhukovska, Gail & Trieloff, 2008attsson, Andersen &

Munkhammar, 2012), | set= 500. If the value ofe is lower, then the grain growth
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timescale is longer, but since the dust mass in many of the SMBomes limited by
the mass in metals long before the end of the SFH, decreadsiya factor of a few

has negligible impact on the final dust mass.

The last two terms in Eqg. 5.7 account for the change in duss miasnflows with dust
mass fractiony;, and dust lost from the ISM due to outflows with dust mass ioact
yo. In the modelsgy; = 0 for inflows of pristine gas. Assuming the gas, metals and
dust are well mixed in the ISM, | set, = y so the outflowing dust mass fraction is

equal to the ambient value at time

The main difference between this work and the MEO3 modeksittstead of parametris-
ing the SFR as proportional to the gas mass which decreasastiggnwith time, |
allow a more complex SFH. This allows us to implement phybsiaaalistic SFHs
with bursts of variable strength and duration, and with adeulying SFH which can
be either exponentially rising or declining. The detailsshtment of the lifetimes of
stars of different stellar masses is important for SMGs ciwimay have bursts of star
formation which occur on short timescales. In this work | trsebest-fit SFH derived
from the SED of each SMG in Chapter 4, which are shown in Fit). 3he use of
MAGPHYS SFHs allows us to carry out chemical evolution modelling ahhis self-
consistent with the SED fitting method. My method is a sigaiftdmprovement over
chemical evolution codes which use arbitrary SFHs which matybe appropriate for

the galaxies which are being studied.

Figure 5.1 shows that the SMG sample has a variety of bed&iflsSwith some galax-

ies having a recent burst of star formation which produceagrafecant fraction of its
stellar mass, or a smooth (either exponentially declininghoreasing) SFH with a
high sustained SFR over time. | note that because of degaesiaetween parame-
ters in the SFH such ag which parametrises the continuous underlying SFR, and the
timing and strength of bursts, the best-fit SFH may not be theshgalaxy SFH. The
adopted SFH, however, gives a physically plausible andcsgiistent representation

of the SFH which | can use as an input to my chemical evolutiodets.

In the first instance | consider a closed box model, assuminigfiow or outflow of
gas or metals. The initial gas mass is two times the bestefiastmass derived from

the SED fitting, such that 50% of the total galaxy mass is in stars at the end of the
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Figure 5.1: Best-fit star-formation histories of the submillimetreaydés derived from the1AG-

PHYS SED fitting in Chapter 4.
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SFH. | use the best-fltAGPHYS stellar mass to be consistent with the best-fit SFH.
The initial gas masses are therefore tuned to reproducebtberved gas fractions of
SMGs ( 40—60%, Tacconiet al.2008). | then use my model to go beyond the simple
closed box model by including the effects of inflows and outfl@n the gas, heavy
elements and dust. | also explore the effect of dust degtruahd grain growth on the

dust mass.

| also explore the changes in dust mass where | vary key paeasrgich as the SFH
and IMF using three fiducial models. These models representange of SFHs in
the MAGPHYS models of SMGs. The fiducial models are parametrised by an-exp
nentially declining (initial SFR ofi50 Moyr—1), exponentially increasing (final SFR
of 150 Myyr—1) and constant SFH af50 Moyr—!, with an initial gas mass set to the
median initial gas mass of the SMG sample)} x 10'' M.). The exponentially de-
clining, increasing and constant SFH reach the mean stallias of the SMG sample
(5.871% x 10'°M,, ) at 1.09, 0.64 and 0.54 Gyr, respectively. At these timesettsea
factor of two variation in the dust masses produced usingdlifferent fiducial models.
This means that variations between different SFHs can cawseall change in the

final dust masses derived from the chemical evolution models

5.3 Comparison of SMGs to chemical evolution models

In a closed box model, the average final gas mass of the SBGx (10'1° M) is in
agreement with observations (Bothwetlal., 2013). Furthermore, by design, the final
stellar masses are in excellent agreement with the beselfiiismasses derived from

the SED fitting.

5.3.1 Dust production by LIMS

In the first instance | consider dust production from LIMSyom¥ith no dust destruc-
tion. A summary of the results derived from the differentroiEal evolution models
considered in this work are given in Table 5.1. The build-tidwst and stellar mass

over time for different chemical evolution models is shown éach individual SMG
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in Fig. 5.2, with the dust produced by LIMS only indicated hg solid black line. The
delay between the onset of star formation (as traced by thé-bp of stellar mass
shown as the solid grey line) and dust production by LIMS igdent in these plots, as
the first LIMS die and produce dust after a few hundred Myr.itn B.3 (a) | show the
median likelihood dust mass and SFR of the SMGs derived fr@n8ED fitting, and
the final dust mass derived from the chemical evolution modgel The dust masses
calculated from the chemical evolution model with dust froilS only fall far short
of the observed dust masses for the majority of SMGs. On gedr the SMG sam-
ple, the theoretical dust masses arex 10” M, which is a factor 100 lower than the
average observed dust mass in the SMG samiplex 10° M). This indicates that
the majority of dust in SMGs must come from a source other tHMS. | find that
my closed box chemical evolution models predict high migitits with a median of
2.3Z,1; this will be discussed later in Section 5.3.5. The mediantfon of metals in

the ISM in the form of dust in this model 56%.

The mass of dust in each galaxy is sensitive to the gas maseaking the initial gas
mass in each galaxy by a factor of two2®9 x 10'! M., (compared to the original
value of1.05 x 10" M), results in a decrease in the median final dust mass by a
factor of 1.6 t07.2 x 10° M, (compared to the original value afl x 107 M.). The
median final metallicity i4.0 Z.,,which is closer to observed metallcities of SMGs, see
Section 5.3.5. The metallicity and the dust mass (as thisked to the metallicity)

are decreased compared to the original model because tleensass of stars enriches

a larger mass of gas. The stellar mass is unchanged as thidg the SFH, resulting

in a final gas fraction of 0.75 on average. However, such lgagefractions in SMGs

are not supported by observations.

IAdopting Z;, = 0.019 as solar metallicity.



Table 5.1: Summary of the properties derived from different chemicalation models for 23 SMGs, which have a mean dust maﬂslf& x 10°Mg. The
properties are: the final gas masdy../M«), metallicity (Z; the ratio of metal mass to gas mass), the dust méks /M), and the dust-to-metal mass ratio
(Maust /M 7). For each model, the first line gives the median value frogrctremical evolution modelling for the 23 SMGs, and the valodrackets on the second
line is the range of values in the sample.

Model MgaS/M@ 7 Mdust/MQ Mdust/MZ
5.2 x 10%° 0.043 1.1 x 107 0.006
LIMS dust only (7.3 x 10% — 8.4 x 10'1) (0.034 — 0.056) (1.7 x 10* — 6.0 x 10°%) (2.3 x 107 — 0.055)
LIMS+supernova dust 5.2 x 10%° 0.043 2.8 x 108 0.14
(7.3 x 10 — 8.4 x 10'1) (0.034 — 0.056) (3.8 x 10" — 5.8 x 10?) (0.13—-0.17)
LIMS+maximal supernova dust 5.2 10'7 0.043 1.3 107 0.59
(7.3 x 109 — 8.4 x 10'1) (0.034 — 0.056) (1.7 x 108 — 2.8 x 10'9) (0.57 — 0.60)
. 5.2 x 10%° 0.043 2.0 x 108 8.6 x 1074
LIMS only+destructionfusy = 1000Me) 7 5 g0 _ g 4 1011) (0.034 — 0.056) (1.2%x 10" —2.0x 10%) (1.5 x 1075 — 0.028)
. 5.2 x 10%° 0.043 8.0 x 10° 0.0048
LIMS only+destructionfusy = 100 Mo) (7.3 % 10° — 8.4 x 10'1) (0.034 — 0.056) (1.6 x 10" — 4.0 x 10%) (2.2 x 1075 — 0.051)
LIMS+supernova dust+destruction 5.2 x 10%° 0.043 3.5 x 107 0.017
(mism = 1000 M) (7.3 x 10° — 8.4 x 10'1) (0.034 — 0.056) (4.7 x 10% — 4.4 x 10%) (0.011 — 0.034)
LIMS+supernova dust+destruction 5.2 x 10%° 0.043 1.9 x 108 0.092
(mism = 100 M) (7.3 x 10° — 8.4 x 10'1) (0.034 — 0.056) (2.6 x 10" — 6.0 x 10%) (2.3 x 1075 — 0.055)
LIMS+graingrowth 5.2 x 10%° 0.043 6.6 x 10° 0.79
(7.3 x 10° — 8.4 x 101) (0.034 — 0.056) (1.7 x 10* — 3.6 x 10?) (4.8 x 107° — 0.96)
LIMS only+destruction+graingrowth 5.2 x 10%° 0.043 1.8 x 108 0.080
(mism = 1000 M) (7.3 x 10° — 8.4 x 10'1) (0.034 — 0.056) (2.2 x 10* — 4.6 x 10?) (2.9 x 107° — 0.50)
. 1.2 x 101! 0.022 9.0 x 10° 0.0053
LIMS inflow (7= 1 SFR) (1.7 x 1019 — 2.2 x 10*2) (0.018 — 0.026) (1.6 x 10* — 5.2 x 10%) (1.8 x 1075 — 0.022)
. 1.8 x 101! 0.015 7.5 % 10° 0.0046
LIMS inflow (7' = 2 SFR) (2.6 x 1019 — 3.2 x 10'?) (0.013 — 0.016) (1.4 x 10* — 4.6 x 10%) (1.5 x 107° — 0.016)
3.0 x 108 0.088 3.2 x 10° 3.7x107%
LIMS outflow (O = 1x SFR) (1.4 % 107 — 7.0 x 10'0) (0.0 — 0.88) (0.0 — 2.9 x 10°) (0.0 — 0.040)
1.6 x 101 0.020 7.2 x 10° 0.0035

LIMS dust only @ x initial gas mass)

(2.2 x 1019 — 2.5 x 10*2)

(0.016 — 0.025)

(8.5 x 10° — 3.9 x 10%)

(8.1 x 107% —0.016)

saixe[el anawijjiwans ul isnp Jo uiblo ayL
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5.3.2 Dust production via supernovae

If I include dust production from both supernovae and LIM8stdbuilds up more
rapidly in SMGs as there is a delay of only tens of Myrs betwgmnhighest mass
stars forming and evolving to the supernova phase. Thisiteatin Fig. 5.2, as the
dust produced by both supernovae and LIMS (dotted black biwsely tracks the
stellar mass build-up over time, with bursts of star formatresulting in an almost
instantaneous increase in the dust mass. Dust from superramcounts for more
than an order of magnitude increase in the dust mass of SMGe@an o0f2.8 x
108 M) compared to the dust mass from LIMS onlyl( x 10 M). The observed
dust mass can therefore be accounted for in aroi¥d of the SMG sample. The
median metallicity of the SMGs in this model is the same ak WiMS only (2.3 Z,),
however, due to the inclusion of supernova dust, the medéatién of metals in the
ISM in the form of dust is higher@%). In Fig. 5.3 (b) it can be seen that the predicted
dust mass fo60% of the sample falls short of the observed dust mass, whidhates
additional sources of dust, or higher supernova dust yiatdsrequired. It is also
evident from Fig. 5.3 that dust production from LIMS and suypeae are needed in
order to produce enough dust to match the observed dust snaktge low redshift

galaxies. This will be explored further in future work.

In Fig 5.3 (c) | consider the extreme case of maximal dust pctdn from super-
novae, such that all metals are incorporated into dust.cgeritly high dust masses are
achieved (a median df3 x 10° M) that can account for all of the observed dust in
SMGs, and in some cases the dust mass is overproduced (ddadkeashed lines in
Fig. 5.2). The median fraction of metals in the ISM in the favfdust is59%, similar

to that found in Gall, Andersen & Hjorth (2011). Itis unliykghowever, that additional
dust is contributed by supernovae, as the theoretical sapardust yields from TFO1
are considered optimistic and exceed the dust mass obsiargegernova remnants.
This means that a significant mass of dust probably comes @m@am growth in the

dense regions of the ISM, which is explored in Section 5.3.4.
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5.3.3 Dust destruction

Dust is thought to be removed from the ISM by the sputtering) stmattering of dust
grains by supernova shocks (McKee, 1989). | include dugrwagson in the model
proportional to the supernova rate, following Dwek, Galba& Jones (2007). The
blue line in Fig. 5.2 shows that with dust from LIMS only, dulgstruction on aver-
age lowers the dust mass by a factor of 6 if supernovae aréeeffin clearing the
surrounding ISM of dust, withns,; = 1000 M, of ISM cleared of dust by each su-
pernova event. This value is similar to the maximum dustrdeson case in Gall,
Andersen & Hjorth (2011) ofnigyy = 800 M. If dust is produced by LIMS and su-
pernovae, then the increase in dust mass is approximatetellad out by the dust
destroyed by supernovae, thereby resulting in a medianrdass of3.4 x 10" M,

similar to that with dust production from LIMS only (L x 107 M,).

It is possible, however, that supernova shocks are lesseettfiat destroying dust, par-
ticularly if the dust is shielded in cold, dense regions & t8M. Lower dust destruc-
tion rates have been suggested by Dwek, Galliano & Joneg{2DWeket al.(2011)
and Gall, Andersen & Hjorth (2011), who struggle to proddeedust masses of high
redshift galaxies with efficient dust destruction. Sinoe iBM properties of high red-
shift SMGs are not well known, there are large uncertairdiasut the effectiveness
of dust destruction in the ISM. Dwek, Galliano & Jones (2087 Gall, Andersen &
Hjorth (2011) suggest that;s,; = 100 M, may be more appropriate in high redshift
galaxies. In the models withugy; = 100 M, less efficient dust destruction on aver-
age lowers the dust mass by a factor of 1.4 and 1.5 for modéisduist produced by

LIMS only, and LIMS and supernovae, respectively.

5.3.4 Grain growth

Dust grain cores are predicted to accrete atoms in the celtsedregions of the ISM
(Dwek & Scalo, 1980; Tielens, 1998; Zhukovska, Gail & Trigl@008; Draine, 2009;

Jones & Nuth, 2011). Considering the shortfall in stellastdsources, dust grain
growth may be a significant contributor to the dust budgetalaxjes (e.g. Draine,

2009; Michatowskiet al.,, 2010; Pipincet al, 2010; Gall, Hjorth & Andersen, 2011;
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Kuo & Hirashita, 2012). The prescription for grain growthdescribed in Eq. 5.13,

following Mattsson, Andersen & Munkhammar (2012).

The effect of grain growth (with no dust destruction) on thestdmass is shown in
Fig. 5.2 by the solid red line. In Fig 5.3 | find that grain grbvatn average increases
the dust mass by a factor 604 x 10® M, compared to dust production from LIMS
only (1.1 x 10"M,). Grain growth can make up the shortfall in the predictedt dus
masses compared to LIMS dust for 50% of SMGs in the samples ifticates that a
small contribution from supernova dust is required in soMk&S. Yet, in some cases,
the dust mass rapidly approaches the metal mass, with a mealize of79% of the
metals in the ISM in the form of dust, which may be unrealistit some cases the
grain growth overpredicts the dust mass in SMGs, therefonzarsion of nearly all

the metals into dust is not always required.

If efficient dust destruction is included along with graimgth, then the dust produced
is not enough to account for the dust masses observed in SMtighe median dust

mass reaching.8 x 10*Mg, (c.f. 1.1 x 10" Mg, from LIMS only). For the SMGs

whose predicted dust masses fall short of the observed vidlisepossible that dust
destruction is less efficient, or a contribution from supsae to the dust budget is
needed. Whilst there are considerable uncertainties isdheces of dust production
and destruction in galaxies, | can conclude that LIMS cabedhe only source of dust
in SMGs. The majority of dust must be produced by a combinaticsupernova dust

and grain growth, in order to explain the observed dust nsass8MGs.

5.3.5 Inflows

The closed box model is the simplest approach to chemicdligon, and gives the
most optimistic view of metal and dust build up in galaxiedifitinds & Eales, 1998).
In reality, galaxies are unlikely to be closed systems, (geg Erb 2008). For example,
the well known G-Dwarf problem requires infall of materialthe Milky Way (e.g. van
den Bergh, 1962; Searle & Sargent, 1972; Pagel & Patcheth;8nsley, 1980). Gal-
lazzi et al. (2005) suggest that in galaxies at a fixed gas-phase oxygamabce, the
wide range in stellar metallicity suggests that inflows antllows of gas are important

in the chemical evolution of galaxies.
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Figure 5.3: The relation between the SFR (averaged over thelldSyears) and observed dust
mass for the high redshift SMGs (crosses) and dust massieedé&om the chemical evolution
model (squares), assuming no dust destruction. Dust isupeatin panel (a) by low—intermediate
mass stars (LIMS) only, LIMS and supernovae (b), LIMS and imak dust production by super-
novae (c), and by LIMS and grain growth (d). Lines link theeyed dust mass in each SMG to the
dust mass predicted from the chemical evolution model tcatd the shortfall in dust production.
As a reference the low redshift H-ATLAS sample are shown ds,dwith all points coloured by
redshift. Chemical evolution modelling of the low redshiftsty galaxies is investigated in Dunne
etal.(2011) and Gomez et al. (in prep), and so is not performeds$wbrk. The error bars indi-
cate the median 84th—16th percentile range from each thavparameter PDF; the thin and thick
error bars correspond to the low redshift H-ATLAS and higtistéft SMG samples in Chapter 4,
respectively.
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Inflows of cold gas are essential ingredients in galaxy faiwnasimulations at high
redshift (e.g. Dekeekt al, 2009). Although there is limited direct observational ev-
idence for gas inflows, recent studies have suggested infbbwyss are required in
order to sustain the SFRs observed in galaxies at high fe¢Shavaliscoet al,, 2011;
Reddyet al, 2012; Tacconkt al, 2012). | find that my closed box chemical evo-
lution models predict high metallicities with a median28 Z,,, at odds with some
observations of SMGs. Although supersolar metalliciti@gehbeen measured in some
SMGs (Teczeet al, 2004), high redshift ULIRGs (Kawarat al., 2010), and QSOs
(e.g. D’'Odoricoet al., 2004), other studies typically find that SMGs have solaubr s
solar metallicities (Swinbanét al,, 2004; Banerjiet al, 2011; Nagaet al, 2012). It
may be possible that since SMGs are very obscured, the betigasion lines used to
measure metallicites only probe the outer parts of galawieeh may be less enriched
(Santiniet al,, 2010). If SMGs have sub-solar metallicities this sugg#ss inflows

of metal-poor gas are needed to dilute the metal-rich gasaer metallicity.

In the chemical evolution model | assume that an inflow desiven-enriched gas to
the galaxy at a rate proportional to the SFR. | adopt the saitialigas mass as for the
closed box model to provide a consistent comparison, adthahis results in a final
gas mass which is larger than that observed in SMGs. In gedaixiflows decrease the
metallicity and dust mass (Edmunds, 1990; Edmunds & Ea#383)] as the enriched
gas is diluted by the unenriched inflow. | find that an infloneragjual to the SFR
throughout the lifetime of each SMG is sufficient to reduce itiredian metallicity of
the SMG sample td.1 Z.,. Inflow rates of the order of the SFR are consistent with the
semi-analytic model of Dutton, van den Bosch & Dekel (201@) ene simple analytic
model of Erb (2008), who find that the rate-of-change of thergass (inflow-outflow)
is in a steady state with the SFR.

If SMGs have sub-solar metallicities, then inflows of gre#tan 1 times the SFR are
needed. These inflow rates are consistent with the resuRgeaddyet al. (2012), who
find that at redshifts> 2 — 3 the gas accretion rate is larger than the SFR. Similarly,
Papovichet al. (2011) find that at: > 4 the gas accretion rate is equal to, or can
exceed the SFR. An inflow rate of two times the SFR results irediam metallicity

of 0.8 Z, for the 23 SMGs. Inflows o2 x the SFR reduce the dust mass by a factor
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1.5 on average, requiring a larger contribution of supeardwst or grain growth to the

dust budget than is needed with a closed box model.

However, such high inflow rates are not supported by sinanati van de Voorét al.
(2011) estimate the cold and warm gas accretion onto halog lnydrodynamical
simulations. For a typical SMG halo mass\f; = 102 M, (Hickox et al,, 2012) at

z = 2, it is estimated that 176 Myr—! of cold gas is accreted onto the halo, although
only 88 M,yr~! in total reaches the galaxy. Of this, 4QM~! is from hot gas, of
which 25% will cool to form stars, and 48 Mr—! is from cold gas. This means that at
z = 2there is 58 Myyr—! of gas accreted. This accretion rate is similar to that fdand
Kereset al. (2005) for10'® M, halos in smoothed particle hydrodynamics simulations
of 60 M,yr—! of hot gas at = 2, rising to 150 M,yr—! atz = 3. The accretion rates
in simulations are therefore lower than than those impligdhle chemical evolution
models. In summary, if SMGs have sub-solar metallicitiafipws of 1-2 times the
SFR are needed. WAhilst there is indirect observational aiigpom some studies
of high redshift galaxies, simulations do not support higthow rates. If SMGs do
not have gas inflow rates comparable to the SFR, this imphas $MG gas-phase
metallicities are super-solar. At present, the unceiigsrnn the measured metallicities
of SMGs do not allow us to choose between models which havereliit gas inflow

rates.

5.3.6 Outflows

Outflows of gas are thought to be common in actively star-fogrgalaxies at all
epochs (Heckmaet al., 2000; Weineket al,, 2009; Rubiret al,, 2010; Diamond-Stanic
et al, 2012), and may be either driven by stars (stellar winds apesovae), or by
AGN. Significant outflows of enriched material are impliedtbg results of Ménard
et al.(2010), who found evidence for dust in galaxy halos, with &sm@mparable to
that of dust in the disk. Outflows of dust in nearby starbuedtges were observed
by Alton, Davies & Bianchi (1999). Furthermore, Eeb al. (2006) suggest that the
mass—metallicity relation at ~ 2 is modulated by metal-rich outflows from galaxies,
with rates of up to four times the SFR. Outflows could therefoe responsible for

the metal enrichment of the IGM. Large outflow rates are atgbcated by Dunne
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et al. (2011), who find that chemical evolution models with outflafi$our times the
SFR best describe the evolution of the dust mass function-8THAS galaxies at
0 < z < 0.5. Sturmet al. (2011) find evidence of outflows in local ULIRGs of the
order of1 x the SFR in starburst dominated galaxies, and outflowis-020 x the SFR
in AGN dominated ULIRGs. Outflows have been observed in SM@s velocities of

up to1000 kms! (Banerjiet al, 2011; Harrisoret al,, 2012).

| investigate the effect of outflows of enriched gas on thd thass in the SMG sam-
ple. In the chemical evolution model | assume that the gaslastlin the ISM are well
mixed, and that outflows remove enriched gas (including hedements and dust),
from the galaxy at a rate proportional to the SFR. Outflowsificantly reduce the
dust mass in a galaxy, which further increases the tensitwele® the observed and
predicted dust masses in SMGs. Furthermore, outflows ofrther of the SFR signif-
icantly reduce the gas available for star formation, suel iost of the SMGs in the
sample rapidly deplete their gas supply. This does not adloaugh time for dust to
build up if it is produced by LIMS only. As the majority of SMGan out of gas be-
fore the end of their SFH, this means that the stellar masstisigh enough to match
observations. This indicates that in the case of long-liwetdlows, higher SFRs are

needed in order to build-up sufficient stellar mass.

In order for SMGs to retain a substantial gas mass, eithemgadanitial gas mass is
required, or significant inflows of gas are needed. Howewes, would reduce the
dust mass further. The high outflow rates seen in AGN and wtstdbare likely to
be short-lived, therefore the gas mass may not be subdtanlepleted by outflows.
In outflow models, the metallicity is higher compared to thesed box model. This
is because there is less gas in the system, but this contiouas enriched by star
formation, so the metal mass increases relative to the gas.r®ace outflows driven
by star formation or AGN are likely to be short-lived, thisyralow the metallicity of
the galaxy to remain within observational limits. It is alsossible that both inflows
and outflows occur simultaneously (Sakametoal., 2013), or in short succession
(Dalcanton, 2007), which would allow the predicted metéti to match observed

values in SMGs.
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5.3.7 Variations in the IMF

The IMF has been found by many studies to be invariant witle tamd location (see
the review in Bastian, Covey & Meyer, 2010), although th&oe studies predict that
the IMF should vary, albeit weakly (Narayanan & Davé, 204r&] references therein).
Semi-analytic models have required a top-heavy IMF in otdgredict the observed
number counts of SMGs (Baugt al., 2005; Gonzaleet al., 2011). However, more
recent work by Haywaret al. (2013) found that a top-heavy IMF in a semi-empirical
model of galaxy formation overpredicts the number countSMiGs. Many studies
have suggested that the IMF may become top-heavy undeirceaiaditions, for ex-
ample in starbursts (Dabringhausen, Kroupa & Baumgar@9 2Bapadopoulost al.,
2011; Kroupa, 2012), where birth clouds are likely in a casmy dominated heat-
ing regime. Gunawardharet al. (2011) found a strong relationship between SFR
and IMF slope, such that galaxies with higher SFRs form maaiesie stars. Dwek
et al.(2011) found that a top heavy IMF best reproduced the obdatust mass in the
submillimetre galaxy AzZTEC3 (AzTECJ100020+023518 in mmpée of SMGs).

To investigate the sensitivity of the dust mass to the IMFedrdase the power law
slope of the Chabrier IMF from-1.3 to —0.8, but leave the low mass end unchanged.
If dust is produced by LIMS only, then a top heavy IMF does maréase the dust
mass enough to account for the observed dust masses of SMg;. tble three fiducial
models which represent the range of SFHs of SMGs (see Sécfpri find that a slope
of —0.8 allows us to reproduce the average observed SMG dust maskesl(’ M)

at atime of 0.5 Gyr after the onset of star formation, if dustjuction from both LIMS
and supernovae are considered. With a top heavy IMF the lodgals also higher,
which is hard to reconcile with observations unless sigaifianflows of pristine gas
occur. A top heavy IMF implies that the dust destruction e to supernovae will
be higher (Gall, Andersen & Hjorth, 2011). Therefore, theréase in the dust mass
from LIMS and supernovae with destruction,; = 1000 M) achieved by making
the IMF top heavy is only a factor of 1.7 compared to a ChallNg¥ with the same
dust sources and destruction (at a time of 0.5 Gyr after tlsetoof star formation).
Invoking a top heavy IMF with minimal dust destruction carvsothe dust budget

crisis in SMGs, but given the uncertainties involved thisslaot provide unequivocal
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evidence for a top heavy IMF.

5.4 Conclusions

Using a chemical evolution model with physically-motivéiteomplex SFHs | investi-

gated the origin of dust in high redshift SMGs. My main resalte as follows:

e Using my chemical evolution model | find that dust producedly dy low—
intermediate mass stars (LIMS) falls a factor 100 short ef dlvserved dust
masses of SMGsl(1 x 10°M.). Adding an extra source of dust from super-
novae can account for the dust mass in SMGs in 40% of cases d&fter ac-
counting for dust produced by supernovae, the remainingitiefithe dust mass
budget suggests that higher supernova yields, and/orasulaigrain growth are
required in order for the dust mass predicted by the chermeigalltion models

to match observations.

e The efficient destruction of dust grains by supernova shacksverage de-
creases the dust mass from LIMS by a factor of six. Additicoalrces of dust
would be required in order to account for the additional #athof dustin SMGs
caused by dust destruction. Alternatively, dust destonathay be less efficient
if dust grains are shielded from supernova shocks in demgen® of the ISM,

or if the ISM is inhomogeneous in density.

e The metallicity in the closed box model on average reacheZ ., which is
larger than the metallicity measured in some SMGs. Thisiesghat inflows
of pristine gas are required in order to reduce the metsllioiobserved values.
However, inflows reduce the dust mass, which worsens thesgiancy between

model and observed dust masses.

e Outflows of enriched gas rapidly deplete the gas reservdiichvprevents a
sufficient build-up of dust and stellar mass in the SMGs. # thetallicity of
SMGs is to remain below solar, this indicates that outflowstive short lived,

or must occur simultaneously with inflows of unenriched gas.



The origin of dust in submillimetre galaxies 119

¢ With minimal dust destruction | found that a top heavy IMFwitust produced
by both LIMS and supernovae can produce the average dustabassved in
SMGs. Yet, given the uncertainties involved (e.g. in the destruction rate and
metallicity in SMGSs) this does not provide unequivocal @vide for a top heavy

IMF in dusty high redshift galaxies.

In summary, the high dust masses observed in SMGs at highifedee difficult to
reconcile with conventional dust sources. However, trgsiésis not limited to high
redshift, as similar problems are encountered with lowm#gtdusty galaxies, which

will be explored in future work.
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Chapter 6

Conclusions

6.1 Summary of the thesis

Our understanding of the build-up of stellar mass in gakaxia star formation from
far-infrared (FIR) and submillimetre observations hasgraeonsiderably over the last
30 years. Until recently, FIR—submillimetre studies ofay&ks were limited to rel-
atively small samples, and were often biased towards the lmesnous and highly
star-forming galaxies at high and low redshifts. Obseoretiof normal galaxies in
the local Universe were limited to targeted studies, makitigily unbiased survey of
dust and obscured star formation impossible. \M#rsche] we now have a complete
census of the dusty galaxy population. In this thesis | h&asve that dusty galaxies
are a diverse population, both morphologically and in &tamation activity. Dusty
galaxies comprise both spirals and early-types, and ramge duiescent systems to
starburst galaxies. | have used data from the largest#geschekurveys, in combina-
tion with a wealth of multiwavelength data, to study theistatal properties of dusty

galaxies throughout cosmic time.

In this thesis | used a panchromatic approach, utilising ffam the UV to the sub-
millimetre to study galaxy evolution. | have demonstratled ttility and power of
multiwavelength SED fitting to derive statistical constitaion the physical properties
of large galaxy samples. | used the physically-motivated@hof da Cunha, Charlot

& Elbaz (2008,MAGPHYS), to provide a self-consistent treatment of stellar eroissi
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which is reprocessed by dust in the far-infrared. In Cha@end 4 | used the standard
MAGPHYS priors to fit the SEDs of low redshift galaxies. In Chapter Zsbaoutlined
the motivation for building a new set of priors to describepnoperties of high-redshift
dusty galaxies, which were described in Chapter 4. | thetoeag the differences in
the derived physical properties using two different setsrimfrs, which highlights how
the choice of prior can affect some parameters derived frooadband SED fitting.
For the majority of galaxies, median likelihood estimatethe parameters derived us-
ing the standard and composite priors show some scattearégenerally consistent
within the parameter uncertainties for the sample. A miyari galaxies showed large
departures from the one-to-one relation for a few pararmetech as star-formation

rate. This does not change our conclusions in Chapter 4.

In Chapter 3 | presented the properties dt5@;m selected sample of galaxies ac-
cording to their morphology. Using the large arealé ded) of the firstHerschel
ATLAS (H-ATLAS) data release, | showed that the dusty galgopulation is not
solely comprised of spirals but also includes a rare pojadf dusty early-type
galaxies (ETGs). These dusty ETGs comprise only 5.5% of émeial ETG popu-
lation within the redshift and-band selection function of H-ATLAS. This is contrary
to the traditional idea that ETGs are ‘red and dead’, havimm&d most of their stellar
mass at early epochs over a short period of time. Althougtetisesome evidence for
gas and dust in ETGs, studies have been limited to small a&ed bfased samples. |
have shown in the first unbiased survey of dust in the localémse that a small mi-
nority of dusty ETGs harbour on averafé x 10" M, of dust, which is comparable

to that of some spiral galaxies in our sample.

In order to see how dusty ETGs are different to the general Roulation, | com-

pared to a control sample of optically-selected ETGs, whighie not detected at
250pum. H-ATLAS ETGs inhabit a range of environments, and | find nei®nmen-

tal difference between the ETG and spiral populations, owéen H-ATLAS and the
control samples. ETGs detected in H-ATLAS tend to be bludrnaunger than those
which are optically selected. The H-ATLAS ETGs have, on ager more than an
order of magnitude more dust than non-detected ETGs, fociwlhinferred a median

dust mass through stacking. Since only a small fraction db&Mhave dust masses as
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large as those detected in H-ATLAS, it could be that our semgpresents a short-
lived phase in the evolution of some ETGs, for example foihgpa star-formation

episode as the result of a delivery of gas via a merger or tgorevent.

In Chapter 3 | also explored the properties of the most pasgwral galaxies in our
sample, which have old stellar populations yet still camt@dnsiderable amounts of
dust. These have lower dust-to-stellar mass ratios and agps but appear to inhabit
similar environments to more actively star-forming sygralt is possible that these
passive spirals have run out of gas to fuel star formatiorthat their star formation
has been quenched by some process in the low density envéranmwhich they

reside.

In Chapter 4 | examined the physical properties of a restd260m selected sample
of massive, dusty galaxies over a large range in cosmic time { < 5.3). Whilst the
sample size of high redshift (~ 2) submillimetre galaxies (SMGSs) is relatively small,
the excellent multiwavelength coverage from the rest-&dsWV to the submillimetre,
including coverage of the peak of the dust emission, allomedto derive statistical
constraints on galaxy physical parameters. | comparedM@&sSto a sample of low
redshiftz < 0.5 dusty galaxies selected to have a similar stellar mass hydravides a
large low-redshift benchmark comparison sample to SMGsund high redshift dusty
galaxies have significantly higher star-formation rates dast masses than< 0.5
dusty galaxies selected to have a similar stellar mass x@alahich are as highly star
forming and dusty as those at~ 2 are rare in the local Universe. | found that the
fraction of dusty starburst galaxies at low redshift (7 partgis much smaller than that
of dusty starbursts at high redshift. The differences betwtbe high and low redshift
dusty galaxy populations may be driven by an increase in #sefiaction at higher
redshifts (Geaclkt al,, 2011; Tacconet al., 2012; Combest al,, 2013). To determine
the mode of star formation in the high redshift dusty galexyple, | examined where
each galaxy lies relative to the main sequence of star feomat a given redshift. My
results support the idea that the most dusty galaxies arbaghift are a heterogeneous
population (Davéet al,, 2010; Haywardet al., 2011; Targeteet al,, 2012; Magnelli
et al, 2012; Symeonidist al., 2013), with around 60% of our sample consistent with

secular evolution, and the other 40% of galaxies are ststibgr possibly merger-
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driven systems. Further insights into the properties ohhigdshift dusty galaxies
will be gained from the investigation of larger samples vihénicompass lower stellar

masses and infrared luminosities more typical of the higishét galaxy population.

The origin of dust in galaxies at both low and high redshiftssents a challenge to
current theories of galaxy evolution. Recent work has reeka ‘dust budget cri-
sis’, whereby the mass of dust observed in galaxies at low reddh#tsuuraet al,,
2009; Dunneet al,, 2011; Rowland®t al., 2012) and at high redshift (Michatowski,
Watson & Hjorth, 2010; Gall, Andersen & Hjorth, 2011) canbetaccounted for by
stellar mass loss from low—intermediate mass stars (LIMS}.hapter 5 | tackled this
challenge using chemical evolution modelling of the higitstaft SMGs discussed in
Chapter 4, with a detailed treatment of their SFHs and thé stusrces and sinks in
galaxies. | implemented modifications to an existing chahegolution code (Morgan
& Edmunds, 2003) so that the SFHs of galaxies are treateaseffistently in both the
SED fitting and theoretical modelling of the build-up of daser time.

Starting with the most simple model, in a closed box scerariodelled the dust pro-
duced in SMGs by LIMS, which is the dominant source of dushimlbcal Universe.
| showed that dust from LIMS only is inadequate (by a factod00) at producing
the large dust masses of high redshift dusty galaxigsX 10° M., on average). To
increase the dust mass in SMGs, | added dust produced bynswperto the model,
using theoretical dust yields and assuming no dust degiruby supernova shocks.
The dust produced by LIMS and supernovae can account folbereed dust mass in
40% of SMGs in my sample. It is important to realise that treotietical dust yields
from supernovae are optimistic, which often exceed the ohasts observed in super-

nova remnants. Furthermore, the mass of dust which is gestiwy supernova shocks

is highly uncertain, but if dust is destroyed efficientlystivorsens the discrepancy be
tween the model and observed dust masses by a factor 6f It is therefore possible
that dust destruction is inefficient in SMGs. The uncertaintsupernova yields, dust
destruction rates and the remaining deficit in the dust madgei for 60% of SMGs,
suggests that additional sources of dust such as grainlyrowst be considered. Dust
produced by LIMS and grain growth can account for the dustMiGS. However, this

presents the problem that a large fraction of metal${%) are in the form of dust.
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The metallicity in the closed box model on average reaéh&g.,, which is higher
than the sub-solar metallicity measured in some SMGs. Th@ies that inflows of
pristine gas with a rate df—2x the SFR are required in order to reduce the metallicity
to observed values. Whilst there is indirect observatisnpport of inflows withl —2 x

the SFR from some studies of high redshift galaxies (Papatial, 2011; Giavalisco

et al, 2011; Reddyet al, 2012; Tacconet al,, 2012), simulations do not predict such
high inflow rates (Keregt al., 2005; van de Voorét al, 2011). Although inflows can
solve issues related to metallicity, inflows reduce the nodshist in galaxies, which

exacerbates the problems of producing enough dust in SMGs.

Gas outflows are thought to be ubiquitous in actively stamfog galaxies at all epochs
(e.g. Heckmaret al,, 2000; Erb, 2008; Weinest al., 2009; Rubinet al,, 2010). Itis
therefore important to assess the impact of outflows on tls @uwd gas masses of
SMGs. If outflows occur at a rate comparable to the SFR, thikjuexhausts the gas
supply and severely limits the mass of dust formed in SMGs$s iffeans that outflows
must occur at a rate much lower than the SFR or only for a slesiog of time (e.g.
during a starburst or AGN event) or concurrently with gasoiwfl. Investigations into
the effect of simultaneous inflows and outflows on the gas astidasses, and a more
realistic treatment of the time dependence of gas flows, dvoahefit my modelling of

SMGs.

One other possible solution to solving the dust budgetsrssto invoke a top heavy
IMF. With minimal dust destruction | found that a top heavyRMiith dust produced
by both LIMS and supernovae can produce the average dustahass/ed in SMGs.
Yet, given the uncertainties involved (e.g. in the dustdesion rate and metallicity in
SMGS) this does not provide unequivocal evidence for a t@yyh&MF in dusty high

redshift galaxies.

In Chapter 5 | investigated the build-up of dustin SMGs witlemical evolution mod-
els of increasing complexity. It is clear that a significardss of dust must be from
supernovae and/or grain growth; however, the origin of duStMGs remains uncer-
tain. Reducing the uncertainties of supernova yields aerdpttysical properties of
SMGs such as the SFH and metallicity through further obsemnvswould allow me

to better constrain the mechanisms of dust production.
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6.2 Future work

Herschels in the last days of its mission but has provided a wealthaté avhich will
continue to advance astronomy for many years. In additicheédcSCUBA-2 Legacy
Survey and high resolution millimetre observations fromMy, Herschelwill allow
us to study the dust and gas properties of galaxies over ghel&abillion years of
cosmic time. FIR—submillimetre observations are extrgnusieful for constraining
the star formation and ISM properties of galaxies, esplgcighen combined with
multiwavelength observations from current optical-NIRw&ys such as CANDELS,
and forthcoming observations with thames Webb Space Telesc@Qp&ST). This will
allow us to study the co-evolution of stars and the ISM of gialsa from the epoch of

reionisation, during the peak of star formation in the Uréesto the present day.

The unique sample of 44 dusty ETGs studied in Chapter 3 regleateresting re-
sults, but the work would benefit from a larger sample sizeepStoward this have
been undertaken by Agiuet al. (2013), who studied the properties of 220 ETGs at
0.013 < z < 0.06 detected in H-ATLAS. Dust comprises only a small fractiorttod
ISM in galaxies. Hydrogen makes up the bulk of the ISM and e the fuel for
future generations of stars. In order to improve our undeding of objects which
are transitioning between the blue cloud and the red seguaiservations of the
molecular gas content of dusty ETGs and passive spiralgéestuid Chapter 3 would
be beneficial. | have recently obtained CO(2-1) and CO(1k@govations of a small
number of ETGs with visible dust lanes, which revealed thasté galaxies harbour
large gas masses, which may be delivered by minor mergensevés, observations
of a larger sample of dusty ETGs, including those without tarses are needed in or-
der to investigate the origin of gas and dust in the gener&@ Rdpulation. This would
allow me to test a possible link between the presence of gaslast in ETGs and
morphological disturbances as a result of recent (minoryers. My work could also
be improved with deeper optical imaging, which would allow ta better examine the

morphologies of dusty ETGs.

Now that the H-ATLAS survey is complete, large numbers of ETd&ross a wide
variety of environments can be studied. The environmemrtasidy probed in Chapter 3

using the the first data release from H-ATLAS was relativeial, and did not contain
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many dense clusters. Whilderschehas already uncovered a relatively small number
of dusty ETGs in the Virgo cluster (Smitkt al, 2012c; di Serego Alighieret al,,
2013), studies of larger samples in different environmanésneeded. Investigations
of the dust and gas content of ETGs in denser environmenksagithe Coma cluster
and comparison to the field, will reveal more clearly how tlddSM content of

ETGs depends on environment.

The results presented in Chapter 4 support the idea tharaese250,.m selected high
redshift galaxies are much dustier and more highly star ifmgrthan250m selected
galaxies of a similar stellar mass at low redshift. This wodkild be improved by
including larger samples of dusty galaxies at high red$iofn HerMES. This would
allow me to explore the multiwavelength properties of lesssive, and less FIR lumi-
nous galaxies which are more typical of normal galaxiesnltbarefore better define
the evolutionary trends in dust mass and SFR with redsimiét,rainimise and quantify
the selection effects in my sample. Deep multiwavelengthgimg in HerMES fields
would allow me to fully characterise the SFHs and morph@egf dusty galaxies at
different redshifts. Since the dust content in galaxiegistly linked to the gas mass,
it is possible that changes in the gas content of galaxies tf@refore star-formation
rate) is responsible for the dust mass evolution. Obsemnsif cold gas in galaxies

are therefore of paramount importance in order to test yp®thesis.

One limitation of most current FIR-submillimetre data ie tielatively large beam size
of 10-20. Although the use of radio ariti;;m data has been successful at identifying
multiwavelength counterparts to submillimetre galaxiess, is a challenging task. This
issue can be solved using high resolutienZ”) millimetre imaging from ALMA to
provide accurate positional information for SMGs, therefallowing the unambigu-
ous identification of multiwavelength counterparts. Masportantly, ALMA will be
able to directly probe the gas properties of galaxies ateal$hifts in unprecedented

detail.

Work is also being undertaken to extend the chemical exmiutiodelling in Chap-
ter 5 to dusty galaxies at low redshift (Gomez et al. in prePhe of the variables
in the chemical evolution modelling is the SFH of each galabo/overcome this un-

certainty | will apply the chemical evolution models to pssirburst galaxies in the
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local Universe, where the SFH is well known from spectrogcadpis will allow me to
determine the connection between stellar population agedast content in galaxies
which have recently undergone a starburst as a result of gemeBy comparing my
measurements of age and dust mass to models | can put cotsstraithe mechanisms

of dust production and the life cycle of dust in galaxies.

Using the full H-ATLAS data set it will be possible to observew the dust mass
varies as a function of time since a merger began. Obsengtibthe cold gas will

allow me to gain an insightinto how the gas and dust propeatie different in merging
galaxies compared to secularly-evolving spiral galaxies.understanding of the gas
and dust characteristics of mergers will provide a localchemark for comparison to
hydrodynamical merger simulations, and also to studiegatriedshift, where mergers
may be more common. This will allow me to quantify the impadea of different

evolutionary stages to the chemical enrichment of galeadielsfferent epochs.

The multiwavelength data frorderscheland ALMA, and forthcoming observatories
such as as JWST, SPICA and the SKA, will significantly inceeasr knowledge of
the physical properties of galaxy populations. These databined with models and
simulations will contribute to our understanding of theesalution of stars and the
ISM in galaxies. This will allow us to trace the growth of geks from clouds of gas

in dark matter halos to the diverse structures we see in theetse today.
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Appendix A

Dusty ETGs and passive spirals

A.1 Early-type galaxies

The following table shows the physical properties of the d4&td ETGs derived from
the SED fitting in Chapter 3. The figures show the SDS&ostage stamp image, the
SED fit and the optical spectrum from either SDSS or the GAMA/sy



Table A.1: Properties of ETGs derived from SED fitting. The columns &mng left to right): ID, SDP ID, redshift, SDSS RA, SDSS DEZ50um flux in Jy, f,, , the
fraction of total dust luminosity contributed by the diftukSM; 7y, total effective V-band optical depth seen by stars in bifttuds; M, /Mg, log(stellar mass)L (°/Lg),
log(dust luminosity);7 5M/K, temperature of the cold ISM dust componeff’?, the V-band optical depth in the ambient ISM; /M, log(dust mass)ys/yr—1,
log(SSFR) /M gyr—1, log(SFR)t1.5, log(time of last burst)age,, log(r-band light-weighted age of the stellar population), festae NUV — r colour (Section 3.3.4),
density E/galaxiesMpc™ 2, see Section 3.6)dziEW/,&(corrected for stellar absorption of R3f > 30 detection). * indicates morphological disturbance.
ID SDP > RA DEC  Faso fu v M. LIt TISM FISM £y g ¥ tug  age, NUV—r ¥  Ha

ID EW
J091205.8+002656 15* 0.05 138.024 0.449 0.38 0.50 3.60 01QR00 24.1 1.27 7.58 -9.47 0.74 9.04 9.08 - 292 27,
J091448.7-003533 35* 0.05 138.704 -0.592 0.25 0.73 2.3145100.44 215 0.69 750 -10.40 0.07 9.38 952 - 1.02 8.3
J090352.0-005353 45* 0.10 135.967 -0.898 0.20 0.73 2.20961@1.00 22.2 0.64 7.97 -10.34 0.62 9.25 941 3.77 0.06 14
J091051.1+020121 128 0.05 137.714 2.022 0.11 0.58 1.71 91®/00 15.7 0.46 7.74 -10.06 -0.13 9.05 9.29 2.59 0.46 12
J090234.3+012518 159 0.12 135.643 1.421 0.11 0.93 3.02 610072 229 0.88 7.75 -11.39 -044 931 9.67 5125 1.08 5.2
J090647.7+011555 186 0.15 136.699 1.265 0.10 0.57 2.53 01091 20.4 0.48 8.03 -9.72 0.79 8.69 9.00 3.07 0.08 24
J090101.2-005541 273 0.09 135.256 -0.929 0.09 0.68 1.10821@0.36 19.0 0.21 7.67 -10.71 0.12 9.33 9,51 3.93 0.01 5.
J090238.7+013253 311 0.12 135.661 1548 0.09 0.68 2.44 8101878 23.0 0.82 7.67 -9.97 0.46 8.61 9.11 3.54 0.63 39
J090223.1+010709 328* 0.20 135.597 1.120 0.09 0.83 2.0802111.04 20.8 0.60 8.22 -10.63 0.44 8.90 9.31 4.34 - 8.9
J090718.9-005210 350 0.06 136.829 -0.869 0.09 0.36 1.335 91®.55 24.1 0.50 6.93 -9.25 0.41 8.80 8.92 2.37 0.01 10
J091332.4+000631 366* 0.23 138.386 0.108 0.08 0.93 3.6588101.13 23.7 0.84 8.07 -10.96 -0.09 8.78 9.00 4.49 - 14
J091023.1+014023 370 0.14 137.596 1.673 0.08 0.95 3.68 2101846 15.7 0.71 8.40 -11.88 -1.08 9.48 9.88 5.19 0.07 0.48
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Table A.1 —Continued

ID SDP » RA DEC  Fyso fu #v M, Lot TIM #zSM pp g " tus  age, NUV—r ¥  Ha
ID EW
J090952.3-003019 451 0.05 137.468 -0.505 0.09 0.90 1.862810.93 224 056 6.97 -11.17 -093 9.35 9.65 4.68 0.01 12
J085915.7+002329 457 0.01 134.815 0.392 0.09 0.30 0.672 8&%76 183 0.14 597 -951 -1.00 9.16 9.28 1.94 —~ 15
J090551.5+010752 628* 0.05 136.465 1.131 0.07 0.92 1.081819.94 21.7 0.12 698 -1227 -1.10 957 9.92 599 0.17 1.1
J090522.1-005925 786 0.10 136.343 -0.991 0.08 0.80 1.5891100.40 20.3 0.26 7.57 -11.04 -0.12 9.41 9.60 - 0.08 1.5
J090752.3+012945 1027 0.10 136.968 1.496 0.07 0.80 1.2806110.36 20.3 0.20 7.58 -11.16 -0.09 9.52 9.67 4.61 3.24 1.4
J085852.1+010624 1278 0.12 134.718 1.106 0.06 0.63 1.1460100.35 17.4 0.20 7.87 -10.47 0.18 8.86 9.24 3.67 0.50 2.
J091037.8+015654 1372* 0.23 137.658 1.949 0.06 0.55 2.4176100.99 19.4 0.37 820 -9.88 0.88 877 9.05 3.02 - 32
J090929.3+020327 1409 0.15 137.373 2.057 0.06 0.92 1.8517110.49 19.4 0.31 7.86 -11.70 -049 9.36 9.67 5.36 0.26 1.3
J090618.0-002455 1955* 0.17 136.575 -0.415 0.05 0.66 2.3092110.68 20.1 0.38 7.85 -10.53 0.40 9.40 9.51 3.78 0.28 3.1
J090259.5+020046 2025 0.07 135.747 2012 0.05 0.85 2.123419.87 185 045 7.36 -11.14 -0.79 953 974 4.71 0.08 8.
J085934.1+003629 2311* 0.26 134.892 0.608 0.05 0.90 2.0220110.81 16.3 0.47 8.64 -11.20 -0.01 9.27 9.61 4.64 - 24
J085842.0+010956 2364 0.12 134.677 1.166 0.06 0.86 1.4996100.42 19.5 0.36 7.73 -11.18 -0.25 9.31 9.58 4.12 0.67 3.5
J085944.2+011708 2702 0.16 134.933 1.285 0.05 0.94 2183810043 17.2 052 8.11 -11.73 -0.86 9.37 9.66484 059 1.78
J090634.8+020752 2853 0.25 136.645 2.132 0.04 0.82 1.1439110.88 19.0 0.31 825 -11.05 0.32 946 959 4.29 - 23
J090210.6+004805 2945 0.20 135545 0.802 0.05 0.46 1.5170100.88 18.3 0.32 8.10 -9.89 0.80 9.46 9.27 2.94 - 99
J085727.4+010847 2959 0.07 134.364 1.146 0.05 0.78 1.513019.84 20.1 031 7.09 -10.90 -0.66 9.48 9.63 4.23 2.80 5.1
J091359.4+000909 3005 0.17 138.498 0.152 0.04 0.92 1.9558100.41 17.5 055 8.05 -11.17 -055 891 9.38 4.78 6.02 1.
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Table A.1 —Continued §
ID SDP 2 RA DEC Foso fu v M, Lj TéSM %{LSM My s 0 tug age, NUV—r X Ha
ID EW

J090236.7+011909 3252 0.09 135.653 1.320 0.06 0.95 1.5803110.14 19.7 0.19 7.49 -12.37 -1.37 9.47 9.77 5.36 0.17 0.38

J090849.5-001846 3321 0.22 137.208 -0.313 0.04 0.72 1.6207110.76 19.1 0.32 8.08 -10.65 0.40 9.39 9.50 4.00 - 2.46

J091435.2-003919 3549 0.32 138.648 -0.655 0.04 0.54 1.7219111.24 21.5 0.43 8.17 -10.09 1.09 9.41 9.36 3.00 - 6.41

J091409.6+000439 3702 0.16 138.541 0.078 0.04 0.74 2.2069100.49 17.4 0.51 8.06 -10.55 0.11 9.15 9.45 4.15 6.99 3.99
J090938.9-005753 3834 0.13 137.412 -0.966 0.04 0.94 2.1656100.22 18.8 0.50 7.67 -11.68 -1.10 9.10 9.48 4.96 0.04 1.30

J091315.8+004445 5088 0.23 138.315 0.746 0.04 0.71 1.5605110.68 16.9 0.22 8.31 -10.69 0.38 8.95 9.30 4.24 - 19|50

J090936.0+023324 5311 0.16 137.399 2.557 0.04 0.66 1.3858100.48 199 0.31 7.67 -10.35 0.19 9.28 9.41 3.48 7.44 15[18

J091054.2+005454 5382 0.16 137.726 0.916 0.04 0.69 1.6880100.48 17.6 0.33 7.95 -10.65 0.14 9.48 9.55 3.86 0.22 3.%5

J091143.5+012053 5489 0.07 137.932 1.349 0.04 0.82 1.814919.83 209 0.26 6.98 -11.20 -0.70 9.38 9.62 4.77 0.04 2.710

J090310.3+014233 6310 0.16 135.793 1.709 0.04 0.57 1.7157100.48 17.3 0.28 7.93 -10.25 0.31 9.45 947 3.16 0.11 8."%

J085916.4+005218 6337 0.24 134.819 0.873 0.04 0.59 1.6866100.80 18.6 0.32 8.10 -10.05 0.63 8.78 9.09 3.27 - 8.'5|_<'_|:I

J085947.9-002143 6427* 0.12 134.95 -0.363 0.05 0.87 1.6500110.16 21.2 0.18 7.34 -11.54 -0.56 9.47 9.65 4.77 0.01 412.23|

J090413.9-004405 6640* 0.20 136.058 -0.734 0.04 0.94 1.97.10110.52 20.0 0.37 7.82 -12.03 -0.90 9.33 9.635.05 - 2.60 g
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Figure A.1: Optical images, multiwavelength SEDs and optical spedtthe42 ETGs in Chap-
ter 3. Images are 30" on a side. The rest-frame SEDs of eachd@&Ghown, where red points
are the observed photometry, with Bpper limits shown as arrows. Errors on the photometry are
described in Smitlet al. (2012b). The black line is the total best fit model, the gréeea is the
attenuated optical model, the blue line is the unattenugtédal model, the red line is the infrared
model. Spectra are from SDSS and GAMA, and the standardtit@via the spectra is also shown.
The spectra have been smoothed by a boxcar of 8 pixels. SaugaPSDP.3834) show an effect
known as fibre fringing (Collesst al., 2001), and were excluded from any spectral analysis.
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A.2 Passive spirals

The following table shows the physical properties of the &8sve spirals derived
from the SED fitting in Chapter 3. The figures show the SD&S5postage stamp
image, the SED fit and the optical spectrum from either SDS8eoGAMA survey.
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Table A.2: Properties of passive spirals in Chapter 3 derived from S&BDdi The columns are (from left to right): ID, SDP ID, redf$tSDSS RA, SDSS DEQ50um ﬂ
fluxin Jy, f,, , the fraction of total dust luminosity contributed by th&ae ISM; 7y, total effective V-band optical depth seen by stars in litttuds; .. /M, log(stellar ®
mass);L°/Le, log(dust luminosity) T }3M/K, temperature of the cold ISM dust componeiy?, the V-band optical depth in the ambient ISM,; /M, log(dust g
mass);is/yr—!, l0g(SSFR)//Mgyr—1, log(SFR),t1s, log(time of last burst)age,, log(r-band light-weighted age of the stellar population), festhe NUV — r =
colour (Section 3.3.4), density(galaxiesMpc 2, see Section 3.6)dziEW/A(c0rrected for stellar absorption of R3f > 30 detection). _g_
D
ID SDP =z RA DEC Foso fu  7v M, Lt TFM #SM My g P ts age, NUV—r X Ha @
ID EW |&
J085828.5+003814 30 0.05 134619 0.637 0.28 0.87 4.22 10&9 21.7 045 7.50 -11.17 -0.30 9.57 9.77 4.73 0.39 1422
J090038.0+012810 77 0.05 135.158 1.470 0.19 0.79 1.44 108® 17.5 0.17 7.64 -11.14 -0.31 9.39 9.83 4.33 0.19 100"
J085946.7-000020 143 0.05 134.945 -0.006 0.15 0.85 1.80r8100.15 19.5 0.26 7.45 -11.22 -0.48 9.41 9.65 4.69 0.39 O.E'%
J090911.8+000029 271 0.08 137.299 0.008 0.12 0.90 2.04 310516 183 052 7.66 -11.25 -0.72 9.18 9.53 5.11 0.18 245
J090648.9-005059 372 0.16 136.704 -0.850 0.09 0.94 2.0%2110.73 19.9 056 8.05 -11.63 -0.56 9.08 9.45 545 0.08 6.06
J090312.4-004509 1544 0.05 135.803 -0.753 0.09 0.67 1.6%691988 185 0.13 7.23 -11.11 -0.40 9.56 9.73 4.30 - 0.6
J090944.5+022100 1773 0.05 137.435 2.350 0.06 0.94 1.5601®78 22.7 0.25 6.76 -12.10 -1.57 8.93 9.62 4.70 0.56 1.3
J090622.3+010014 1888 0.07 136.593 1.004 0.06 0.85 1.1%01®87 19.8 0.19 7.15 -11.29 -0.76 9.42 9.73 - 0.08 1.0n
J085827.1+010426 2547 0.07 134.613 1.074 0.05 0.95 1.6641®61 198 0.27 6.98 -12.19 -191 944 9.71 5.29 6.78 2.01
J090543.6+010754 2612 0.05 136.432 1.132 0.05 0.92 2.04 ®¥N5 203 040 6.74 -11.53 -156 9.19 9.56 5.08 0.22 4.25
J090547.8+001136 3578 0.16 136.450 0.193 0.04 0.92 2.24€5110.48 20.0 056 7.78 -11.55 -0.58 9.36 9.634.57 0.14 1.64
J091311.5+001619 3935 0.17 138.299 0.274 0.04 0.94 2.441110.27 189 0.46 7.72 -11.72 -1.07 9.36 9.694.73 0.28 69.03
J085738.2+010740 4548 0.07 134.410 1.128 0.04 0.91 1.78B61®72 206 0.28 6.96 -11.56 -1.21 9.20 9.58 4.97 4.37 4.5
J090646.2-004453 4639 0.16 136.693 -0.749 0.04 0.85 1.5199110.48 21.2 030 7.57 -11.21 -0.17 948 9.73 - 0.17 1.30
J091144.5+012952 4859 0.17 137.936 1.499 0.04 0.88 2.58B51m0.59 214 079 7.70 -11.04 -0.21 9.32 9.594.29 222 2.05
J090013.7+004139 4964 0.24 135.057 0.693 0.04 0.94 2.3391M0.48 17.6 048 8.15 -1141 -093 870 9.05 4.26 - 9.60
J090707.3+000805 5108 0.10 136.78 0.135 0.04 0.88 2.0011®2 181 047 7.41 -11.13 -0.90 9.13 9.52 4.59 0.09 17/53
J091230.6-005442 5226 0.16 138.128 -0.913 0.04 0.91 2.07/5100.40 19.3 0.44 7.79 -11.26 -0.50 9.10 9.49 4.85 3.12 1.30
J085934.4-000456 7324 0.17 134.895 -0.082 0.03 0.92 1.97/3110.28 19.6 0.43 7.65 -11.50 -0.75 9.24 9.564.72 2.12 255
H
N
w
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Figure A.2: Optical images, multiwavelength SEDs and optical spedtthe 19 passive spirals
in our sample. Images are 40” on a side. The rest-frame SEBadf passive spiral are shown,
where red points are the observed photometry, witlupper limits shown as arrows. Errors on the
photometry are described in Smigh al. (2012b). The black line is the total best fit SED model,
the green line is the attenuated optical model, the blueiditee unattenuated optical model, the
red line is the infrared model. Spectra are from SDSS and GAM®A the standard deviation in
the spectra is also shown. The spectra have been smootheldldxgar of 8 pixels. Some spectra
(SDP.4639) show an effect known as fibre fringing (Collesal., 2001), and were excluded from

any spectral analysis.
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A.3 Summary of mean physical properties

The following table summarises the mean physical propedazived from stacking of

PDFs for the different populations studied in Chapter 3.



Table A.3: Summary of mean physical properties derived from stackirigl=s for the different populations studied in Chapter 3e Plarameters are:
fu, the fraction of total dust luminosity contributed by théae ISM; M., /M, log(stellar mass)}Ma /Mg, log(dust mass)}q /M. , log(dust to stellar
mass ratio) {°*/L, log(dust luminosity) 7 5M/K, temperature of the cold ISM dust componeit; total effective V-band optical depth seen by stars in
birth clouds:7/°, the V-band optical depth in the ambient ISMs/yr—1, log(SSFR)3/Myr—*, log(SFR) t15, log(time of last burst)age,, log(r-band
light-weighted age of the stellar population). For eactapaater, we use the first moment of the average PDF to estilata¢an for the population. We
can estimate the variance on the population mean as thedsetament of the average PDF minus the mean squared, dividételhyumber of galaxies
in the sample. The error on the mean is simply the square fadbegopulation variance. The errors for logarithmic pagtens are in dex. The mean
parameters from the infrared part of the SED and energy balparameters are not determined for the control samples sie only have constraints from
upper limits on the FIR-submillimetre flux.

Parameter  H-ATLAS spiral H-ATLASETG Normal spiral Passsperal Control spiral Control ETG
fu 0.59-+0.01 0.74+0.02 0.58=+0.01 0.87+0.02 — —
log)M, 10.29-+0.02 10.69+0.08 10.27-+0.02 10.62+0.07 10.1540.03 10.7740.03
logMy 7.7240.02 7.7440.08 7.7340.02 7.4740.10 — —
logMgy /M, —2.5740.02 —2.9540.07 —2.5440.02 —3.16+0.09 — —

logL et 10.5340.02 10.48+0.07 10.5540.02 10.14+0.09 — —

TSM 19.740.1 19.8+0.5 19.740.1 19.8+0.6 — —

v 2.284+0.07 2.284+0.23 2.284+0.07 2.3440.37 1.66+0.08 1.61£0.10
FsM 0.47+0.01 0.432£0.04 0.48+0.02 0.41+0.05 0.24+0.01 0.20+£0.01
logys —9.9940.03 —10.8540.14 —9.9240.03 —11.5940.18 —10.5840.07 —11.92+0.07
logy) 0.30+0.03 —0.16+0.12 0.36+0.03 —0.974+0.19 —0.43+0.05 —1.16+0.07
logts 8.70+0.07 9.04+0.18 8.68+0.08 9.262£0.10 8.87+0.07 9.39+0.03
logage, 9.214+0.02 9.454+0.05 9.19+0.02 9.59+0.05 9.3240.02 9.67+0.01

8T

sleaids aaissed pue s9 13 Aisng



Appendix B

The SEDs of high redshift

submillimetre galaxies

B.1 SED fits

Here | present the panchromatic SED fits for the sample of Bénglimetre galaxies

studied in Chapter 4, using the compositeGPHYS libraries described in Chapter 2.
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Figure B.1: Multiwavelength SEDs of the 30 submillimetre galaxies in sample (including
seven rejected fits indicated by a black cross in the top iighter of the plot), with observed
photometry (red points) from the rest-frame UV to the submétre. Upper limits are shown as
arrows and errors on the photometry are described in Seétith@. The black line is the best-fit
model SED and the blue line is the unattenuated optical mddwed residuals of the fit are shown
in the panel below each SED.
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