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Abstract

Studies of the history of the Universe are for a large parteomed with mapping the
evolution of galaxies over cosmic time. Beginning from teeds of density pertur-
bations in the early Universe, and building up through dedidnal and astrophysical
interactions to form the wide diversity seen in the preseay, dalaxies allow us to
observe the distribution of luminous (and dark) matter @mide range of look-back

times.

A key process in galaxy evolution is the formation of starsaetivity which is readily
observed by indirect means, although the detailed meamaisigot fully understood.
One of the most successful methods for tracing star formasido observe the emis-
sion from dust in galaxies. These tiny particles of carbard ailicon-based solids
resemble smoke, pervading the interstellar medium in mémof all) galaxies, and
blocking the short-wavelength radiation from hot, newdyred stars. They re-radiate
this energy as far-infrared radiation ¢ 10 — 1000 zm), which can be detected from
sources throughout the Universe by telescopes such &pitmerandHerschelspace
observatories. The spectral form of this radiation varresnfone galaxy to another,
depending on many factors such as the activity within thebgalthe amount of dust,
and the sources heating the dust. Hence, with careful irgtgon, we can use these
observations to trace the star-forming activity and dustsmadifferent types of galax-

ies from early times through to the present day.

In this thesis | describe three projects, each of whichagdimulti-wavelength datasets
from large surveys to probe the dust emission from samplaglaixies at different
cosmic epochs, and explore the relationship between dussiEm and other galaxy
properties. The first project samples the most massive igalat a range of redshifts

spanning the peak era of star formation, and investigatesdlrelation between far-
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infrared and radio emission. | use a ‘stacking’ methodoltmggvoid bias towards the
brightest star-forming galaxies, and show that the faraireid and radio tracers of star
formation agree up to high redshifts in typical massive gaka In the second project
| apply the stacking method to a large sample of low-redgjafaxies selected from
a major optical survey spanning the last four billion yeargwlution. | make use
of the largest ever sub-millimetre imaging survey to pradadetailed and unbiased
census of the dust mass in ordinary galaxies as a functioptafab brightness, colour
and look-back time. | show that the luminosity and tempegatf dust is a strong
function of galaxy mass and colour, while the dust massedl gfatexy types have
decreased rapidly over the time span probed. The final gréjeases on a small
sample of nearby galaxies and utilises data obtained anteeldoy myself to probe
the molecular-gas content of galaxies selected to have l@ugt masses. This study
addresses questions about how well the cold dust, traceakebsub-millimetre wave-
bands ofHersche] is correlated with the cold gas, which provides the fueldiogoing

star formation.

The thesis demonstrates the utility of statistical techegjfor large surveys, and also
contains aspects of data reduction and extensive disecustkite astrophysical inter-
pretation of results. Through these various analyses | gshaivdust emission can
provide a valuable window on the growth of galaxies throutgr formation. The
work contained herein represents significant progressdriighd of observational ex-
tragalactic astronomy, including work recently publisteedhe scientific literature in
two collaborative research papers led by myself, in addittoa third paper that | am

currently preparing.
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Chapter 1

Introduction

This thesis addresses questions about the history of staafmn in the Universe and

the role that dust can play in helping to answer them. The rbady is composed

of three self-contained chapters, which cover diverseegtsjbut are linked by core
themes: all of the work concerns the study of galaxy evolutly observing dust

emission; it utilises multi-wavelength datasets from éasgirveys; and it focuses on
statistical analysis of flux-limited samples. The centnginhe throughout the thesis is
the notion of dust emission providing a window on the growtgalaxies through star

formation. In this chapter | will begin by reviewing the redet history and current

status of extragalactic astronomy. | will explain why we sldowant to observe dust
in the Universe and summarise what we have learned abouigslay doing so. | will

conclude this chapter with a plan for the projects describele rest of the thesis.

1.1 The Origin of Galaxies in the Universe

1.1.1 The Nature of the Universe

Ever since_Hubble (1925) first proved the extragalactic reatd the spiral nebulae,

observational astronomers have been fascinated by thé@ueshow the galaxies in
the Universe came into being. The modern view of galaxiessdaid universes” can
be traced back JQ_KE,rt (1755) 6lD.dJALLUhJ_(_’L750), and the teeffiwas first coined by

Descartes (1636), but most of what we understand about theekde today is thanks




4 Introduction

to the rapid explosion of astronomical research that begémnkubble. One of the
most fundamental discoveries was the expansion of the thayanferred from the ra-
dial velocities of galaxies_(_Hub_t“ng"Q' Hubble & Humas®&31). This constituted

direct evidence for the Universe having a definite beginriagsingularity from which

the Universe itself and everything in it originated — a tlyekmown as the Big Bang

Lemaitre 1931). The Big Bang is extremely well provenirarguments relating

to helium and isotopic abundanc rnowd1 r

1964; Wagoner, Fowler & Hoyl 7) and the temperature aottapy of the cos-
mic microwave background (CMB; Alpher & Herman 1948; PesZ&aWilson|1965;
Dicke et alll1965; and see Figuke1.1). The question of whether the Useugas fated

to continue expanding, or contract back to a final singylaréimained unanswered un-
til observations of distant supernovae finally proved thatéxpansion of the Universe
is accelerating (Riesst al 19_9_13 Schmidet al 19_&45 Perlmutteet all|l1999; and see

aIso.EfSlath.o.LL_S.ulh.eLLa.D.d&_M.a.d.(HQx_UQO). The unknowma®af this acceleration

is known as dark energy, which some models attribute to teeotogical constank

in Einstein’s (1917) field equations (see e.g. Longair 1994)

Another fundamental discovery of the 20th century is darkenge.g mlL'LkﬂL&_EeebJes

19738), which is inferred from several independent obseymat results. These include

the velocity dispersion of galaxies in clusters (Zwicky ¥B3which are related to

the total cluster mass by the virial theorem (under dynahaigailibrium;

5). The subsequent discovery of hot, X-ray emitting g@envoirs in clusters

A4

1972;I Gurskyet all1972;| Kellogget all1973) accounted for some of

this missing mass, but most still remains unaccounted fbe flat rotation curves of

galaxies provided independent evidence for additionasibke mass|(Babcolk 1939;

Bosmeé 1978; Rubin, Ford & Thonnérd 1980), as did the ventieations of stars in the
Galactic diSk_(le 1932). Modified theories of gravity (.JMJ'.LgI_Q.m 1983) may also

explain these observations; however they cannot explawvitgtional lensing (a pre-

diction of general relativity; Einst ln_1916), in which figfrom distant galaxies and

guasars is magnified by a large foreground mass that exdedsass of visible matter
in the line of sight. This is elegantly demonstrated by theeoaf the bullet cluster, in
which the mass responsible for lensing must reside in betive@galaxy clusters, as if
they have undergone a dissipational coIIisiIo_n_(_QL@ALe.lI 006;Anguset all2007).
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Figure 1.1: Temperature fluctuations in the whole-sky CMB from the Wilan Microwave
Anisotropy Probe (WMAP) 7-year data_(Jarosikall [2011), after removal of Galactic emis-
sion and the primary dipole caused by the motion of the Eafte discovery of the CMB by
IPenzias & Wilsanl(1965) was one of the most significant oka@ms in the history of astronomy:
its very existence, its blackbod ectrum, temperatuckisoiropy, confirm the predictions of
the big bang theor ﬁ); and subsequent measurements of the power spectrum of
temperature anisotropies provide stringent tests of ctmyizal models, confirming the “concor-
dance model” oACDM. Furthermore, since the CMB radiation was emitted atehech of last
scattering, when matter and radiation decoupled, thisaditkt light that it is possible to detect.
The deviations from a perfect isotropic blackbody are titgmperature anisotropies are shown
here on a scale af200 K around the average temperature of 2.73 K. These resultdrantum
fluctuations in the early Universe, which were the seedsiferdark matter over-densities and the
eventual growth of large-scale structure. Credit: NASA / WIRIScience Team.

The fact that dark matter does not appear to interact witiibleisnatter or radiation

(except via gravity) implies that it is non-baryonic in napand consists of some yet
unidentified fundamental particle. The currently favoucaeddidate is a weakly inter-
acting massive particle (WIMFLEe_eL“_es_l%Z; see a receieivdy 2 2010).

The overarching cosmological paradigm which combinesethieeories is Lambda—

Cold Dark Matter ACDM; [Ostriker & Steinhar 95). This model describes a spa

tially flat universe with energy density dominated by appmately 73 per cent dark

energy, interpreted as the cosmological constant, and R8qye cold dark matter

(CDM), with baryonic matter making up most of the remainde€DM is extremel
well tested by independent observations including supmmlibrated@

199_43; Schmidet al 199_43; Perlmutteet alll1999), CMB fluctuations (Komatset al
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2011; Planck Collaboratioet alli2011¢), baryonic acoustic oscillations (BA()s_'_ELs_e_nsm'Lall

2005%; Blakeet alll2011; Andersoret all2012), the power spectrum of galaxy cluster-
ing in large optical surveys (Te 2004 Coleet alli2005; etc) and that of dark
matter from weak lensin Iﬂr_Z)OB; and referencexeth). A detailed, up-to-

date review of the techniques may be found.in Mo, van den B&sdHitel (2010).

1.1.2 The Era of Galaxies

Once the expanding Universe had cooled sufficiently, atoeggaib to form out of
the primordial plasma. This “recombination” occurred a feWw years after the Big
Bang ¢ ~ 1100), at a time when perturbations in the dark matter distrdyutaiad
already grown large enough for the baryonic matter to coltegravitational poten-
tial wells (see e.d. Rowan-Robinson 2 DA__M_Q_JLa_D_dﬂn_B_QSMﬂ:&A 2010). These
over-densities grew into the seeds for the galaxies and-segle structure which were
assembled over the ensuing 13.7 billion years (FiglEsﬂIBZ,ELeis_&ﬁ.Qhﬂther
1974,

White & Rees 1978). In the first proto-galaxies, smilinps of gas became
dense and cool enough for gravity to overcome the stalgliginces and for nuclear
1978). Thus stars

n

fusion to begin in the collapsing cores (Toornre 1977; WhitR&e

were born, beginning a cycle that uses elemental hydrogdrhalium to manufac-

ture heavier elements (“metals”), and returns the metatlead gas to the interstellar
medium (ISM). The first stars are likely to have been predamily large and hot, and
were probably responsible for the gradual reionisatiorhefibtergalactic gas (occur-

ring betweer: ~ 6 — 15), which finally made the Universe transparent to opticditliig

Rowan-Robinson 2004; Appletat all.i2009).

Numerical N-body simulations (Figuke1.4) show that grawitally-interacting dark
matter develops structures hierarchically, with smalbkal coalescing to assemble

larger structures, culminating in the cosmic web of clustilaments and voids seenin

the present-day Universe (Figlirell.5; Dasisall198%] Colberget alli2000] Evrardet al

2002;| Springeét all [2005). However, luminous (baryonic) matter interacts inreno

complicated ways that are impossible to model precisely,zatiass of models known
as semi-analytical models (SAMs) has arisen in an attempttivess this shortfall
(e.glColeet alll1994, 2000; Baugh, Cole & Frenk 1996; de | uetaall2006).
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Dark Energy
Accelerated Expansion

Afterglow Light
Pattern  Dark Ages Development of
380,000 yrs. |/ Galaxies, Planets, etc.
| - =

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

Figure 1.2: Schematic representation of the growth of structure in thevéise, from quantum
fluctuations following the big bang (far left), being magedithrough Inflation.(Guth 1981) result-
ing in the CMB emitted from the last scattering surface; tre fitars which reionised the Universe,
and the evolution of galaxies stretching through to thegmeday. Image credit: NASA/WMAP
Science Team.

An example of the complex evolution of baryons is that gaaxppear to have assem-
bled anti-hierarchically. This is evident from the simpleservation that the most mas-
sive galaxies in the present day contain the oldest stamsheset alli2004) Gallazzet all
2005;| Panteet all2007), and from high-redshift observations showing thatrttas-
sive galaxy population was largely in place by~ 1, about six billion years after
the Big Bangl(Dickinsort all2003;|Bundy, Ellis & Conselice 2005; Conselieeall
2007; Pérez-Gonzalest al.2008). Such a top-down formation scenario is also sup-
ported by observations of star-formation rates (SFRs)ipgadt earlier times in more
massive galaxies (Cowet alll1996] Kodamaet alli2004) Baueet all2005; Feulneet all
200%5;|Bundyet all 2006; | Cheret all [2009). Analogies in the relationship between
metallicity' and stellar mass in elliptical galaxies have been cited dgiadal evi-
dence for earlier formation times for more massive gala@ésthey, Faber & Gonzalez

1992;| Matteucti 1994; Thomas alli2005%), while the differential evolution of metal-

li.e. the relative abundance of heavy elements, measunettfre spectral features of N, O, Mg, Fe,

etc. either in the atmospheres of stars (as absorption lomexs interstellar gas (as emission lines).
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Figure 1.3: Observations of distant sources probe the Universe aeediriies, due to the finite
and constant speed of light. The light we detect has undergasmological redshifting due to the
expansion of the Universe since it was emitted. This diagghaws the relationship between the
redshift and the age of the Universe when the light was edjitteder the concordance cosmology
approximated by the parameters shown. According to thisiotmyy, the redshiftrange< z < 1
spans almost 60 per cent of the history of the Universe (ttesla billion years). Reionisation is
thought to have occurred aroufidk z < 15 (in the first billion years), while the peak epoch of
star formation occurred at ~ 2, when the Universe was around three billion years old. Egur
6; Figure 2).

taken fro

licity with redshift in galaxies of different masses corooates such an interpretation

Savaglioet al

005;

Erbet al

006

:.Maiolinoet al

evidence for anti-hierarchical

“downsizing”

).

Cowieet al

199

5); @ comprehensive review is given

ZOD.JS). These various pieces of

galaxy formation are kndwnthe umbrella term of

by Fontaeiail

The diversity of galaxy morphologies, from elliptical toigh and irregular types

(see below), and patrticularly the abundance of thin spirsikg] is difficult to rec-

oncile with models, in which galaxies undergo major mergersch destroy thin

disks and transform galaxies into elliptic

1

re

Steinmetz & Navar

20

2; 012

itel 1994

2). Another problem is that N-body sim-

ulations predict a far greater number of low-mass haloesshauld contain galax-

ies, compared to the number of low-mass galaxies actualbervied (Figurd_1l6;

199

- Kauffmann, Guiderdoni & Wk

te 1¢

)A.‘.B.ih”@ﬂ_i). This prob-

lem is manifested in the relatively small number of satethalaxies observed in the lo-
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ko
125 Mpdh

Figure 1.4: Snapshots from the Millennium Simulatidn (Springehll2005) at: = 0. The upper
two images show the dark matter distribution on the scaleafdividual galaxy cluster (left) and

a larger volume encompassing the large-scale structurdéaaidnts and voids (right). Intensity
represents surface density and colour represents loaatityetispersion. The lower two images
show the galaxy light distribution in the same volumes frdra 8AM of|Crotoret all (2006).
Intensity and colour represent that of the optical lighthwedder galaxies being more concentrated
in the denser regions. Credit: Volker Springel and the Miané€k-Institute for Astrophysics.

cal group, compared with the substructure seen in simuggtieattic haloes (Mooret al

1999:| Kuhleret al

L.Spring

ekt al 209_43). The models also tend to predict too

Bensonret alll200

many extremely high-mass ialaxies, due to overly efficienting of the gas (see e.g.

3Baug

6). Stars can only form from cold gas, so irdxrec-

oncile the simulations with observations, modellers haeppsed negative feedback

scenarios which stifle star formation either by heating oexpelling the in-falling gas

White & Fren

199

- Cole=t alll1994] Bensoret al

00!

). The leading candidate for

the quenching of star formation in high-mass galaxies idldaek from active galac-

tic nuclei (AGN), powered by an accreting supermassivekblaale (SMBH) in the

centre of each galaxy, which drive off the inflowing cold gagalactic super-winds

(“quasar-mode feedback!’;_Di M

heating (“radio-mode” feedbacl

ﬁﬁhﬂm i802) or by mechanical

). Such a scenario is not possi-



10 Introduction

Figure 1.5: A slice (—1.25 < Dec. < 1.25) through the Universe as mapped by the latest release
of the Sloan Digital Sky Survey, SDSS-I|l (Aihaedalli2011), showing how the distribution of
galaxies at low redshifts(< 0.14) probes the large-scale structure of dark matter (c.f.feida).
Galaxies are coloured according to their stellar mass, ladibst massive (red) galaxies are seen
to cluster most strongly around the density peaks. CreditBMnton and the Sloan Digital Sky
Survey.

ble in the lower mass galaxies, whose AGN would not be poweriough, but their
numbers can be suppressed by supernova-driven feedbat¢kearegimnoval of gas via
ram-pressure and tidal stripping_(Bullock, Kravtsov & Wesng| 2000/ Bensoat all
2002;. Somerville 2002). With the addition of feedback priggions of this kind, the
distribution of galaxy properties predicted by SAMs canrogiice the observations

with high fidelity (e.g/ Boweet alll2006; de Luciget alll2006).



Introduction 11

100 = ; | : ; T E
= s — —— Model 1 = Halo mass function
B weeeee Model 2 = Cooling
P b .
] T — — Model 3 = Fhotoionization

]U_’ - H'h-. iz K\‘ b=
F G, Model 4 = Merging E

10-2 =

- o

I

‘;'L A

ﬁ -

f:

T 1079

&l o

o [~

B C

=

< L
10+
10-0 =
10-% .

M,—5logh

Figure 1.6: K-band luminosity functions of galaxies (number per unit miagle per unit volume

as a function of absolute magnitude% comﬁ)arin% data withetso@Figure taken fro

2003; Figure 1). Data are fro circles);l_Kochanest all (2001; squares);
m ; stars). Lines show the results of the GALFORM SAM: @dbl) with fixed

halo mass-to-light ratio; (Model 2) including a gas coolprgscription; (Model 3) adding in photo-
ionisation to suppress low-mass galaxy formation; and @ldjl accounting for merging. Notice
that the halo mass function (short-dashed line) drasyicair-estimates the numbers of low-mass
(far-left) and high-mass (far-right) galaxies, and that #uddition of extra physical prescriptions
shown here is not sufficient to reproduce the observed lusitynfunction.

1.1.3 The Rich Diversity of Galaxies

Clues to the processes of galaxy evolution can be obtainezkésining the global
properties of populations of galaxies, which is the focughef thesis. A fundamen-
tal observation regarding the nature of galaxies is the Hatity of the population,
which is noticeable in many different properties. One of thest obvious of these
is the visual morphologies, which break down into two broatkgories — spirals and

ellipticals — encompassing many sub-catagories, mosbhotiae division into barred

and non-barred spirals. This was first formalised by HUbb®26) into a sequence of

classifications ranging from “early-type” ellipticals tlate-type” spirals, famously de-
picted in the “tuning fork” diagrarr_(.l:lub.lu_e_lg 36). Hubbleosle the terms “early” and
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Figure 1.7: Optical spectraj600 < A < 7200 ,&) of typical nearby galaxies of various morpholog-

ical tﬁges from

left-right, top-bottom: elliptical, egrtype spiral, late-type spiral, irregular) fgom
). The early-type galaxies have generatyder spectra, with a strong 40Q0

break and no emission lines, indicating an evolved steli@ufation. The late-type galaxies have
bluer spectra due to the presence of hot, young stars, amstebular emission lines resulting
from photo-ionised gas in the vicinity of star-forming regs. The strongest four lines seen in both
of the bottom two panels are [QA3727, HG A4861, [O11]A5007, and Hy A6563 (blended with

!Nu !)\6583), all of which are indicators of ongoing star-formationgéie taken fro

; Figure 1).

“late” to emphasise a continuous trend of increasing coritylésee

tt

\ 1926),

and they bear no relation to any evolutionary sequence.olMaralternatives, exten-

sions and revisions to Hubble’s scheme have emerged overetrs to account for

the increasing diversity of galaxies revealed by improvieskeovations 58;
de Vaucouleufls 19 'JL.lS??' van den Bergh SLE_‘_KQ_Lmﬂn_dL&]EL 2012;
Cappellariet al. [2011). Yet all of these schemes retain the fundamental essen

Hubble’s tuning fork, especially the two broad classes Wiencompass the vast ma-

jority of bright galaxies.

The optical spectra of late-type galaxies (LTGs; types Ba/&nd later) usually show

the signatures of hot ionised gas heated by young starsrédifgif), and they have

blue broadband colours due to their light being dominateenyssion from young



Introduction 13

2 _IIIIIIIII LI II IIIIIIIIII- 1-2 -rl|l|lllll‘llllllllllllllll-

[ j 1[ -

16 ] 2 ]

= [ ] 08 - E

- 1 = f ]

Jp 1 [ ] !-; 08 |- -

s, 1 3 ¢ ]

a - ) 04 -

0.6 - — r ;

[ ] 0.2 - =

D- . D: ..I....l....I....I....I..:

0 02 04 08 08B 1 12 -17 -18 -18 -20 -21 -22
ol(g-r) %4 -5logh

Figure 1.8: The bimodality in galaxy colours is shown in the probabitignsity histogram of —r
colours in~ 365, 000 galaxies from SDSS (left), and by the colour-magnitude idiag(CMD) of
the same galaxies (weighted to account for Malmquist biaght). In the CMD, red galaxies
(at the top) with little or no ongoing star-formation tendli® along a tight linear locus known
as the red sequence, while blue galaxies inhabit a moresdithcus at generally higher absolute
maghnitudes (lower luminosities) known as the blue cloudteNbat the two populations are not
distinct, and a significant number of galaxies fall in theemtediate region known as the green
valley. This can include galaxies transitioning from a b#ter-forming phase to a red quiscent
phase, as well as blue SFGs which are reddened by dust (seengEgd). Figure taken from

Mo, van den Bosch & White (2010; Figure 2.27).

stars (Figurd_T18. This contrasts with the red colours aokl & emission lines in

early-type galaxies (ETGs; types E+S0), which indicate aenguiescent popula-

tion devoid of young stars or any trace of recent star-fogwativity (Roberis 1963;

198 ge 1986). Spiral galaxies ase gknerally richer in

interstellar gas and dust compared to ellipticals, supmppthe idea that the evolved el-

lipticals have exhausted (or expelled) their gas supplythe formation of new stars to

produce dust has dried up (see reviews ifell[1987; Roberts & Hayngs 1994;
Kﬂﬂﬂiﬁﬂ“.l&)ﬂﬁa).

Galaxies grow as they gradually turn gas into stars, but dloethat many massive

galaxies are passive shows that the star formation doesonthaoe unabated forever.
Furthermore, the huge reservoirs of hot gas surroundingt glipticals in clusters

reveal that the galaxies do not simply run out of gas, in wie$e there must be some

process to stop it cooling and accretirl]o (Fukugita, Hogare&lfes 1998; see also

2Malmquist bias is the tendency for a flux-limited sample toimereasingly dominated by more

luminous sources with increasing dista ist)92a correct for this, galaxies in a sample
can be weighted according to the volume within which theydatectable in the surv 68;

see Sectiof-3:2.2 for more details).
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discussion in Section 1.1.2). Likewise it is clear that gea which do contain cold

gas do not convert it into stars with maximal efficiency, igipy that some regulation

must occur (e.¢

Kennic

tt 1998b).

The bimodality seems to imply that blue, star-forming dgiraight evolve into red

and dead ellipticals once their star formation has ceased wBat controls whether

a galaxy is forming stars or not; what initiates star formatand what quenches it?

A common dichotomy discussed in the literature is the notibfnature versus nur-

ture”. Galaxy evolution might be controlled by external ggeses, merging and inter-

action, which is supported by observed correlations betvgagaxy environment and

colour

Butcher & Oemle

1984; Pimbblet all

Postman & Gell

v

'_19_454), and SF

evolution could depend on secular galaxy properties orge®ees, and this is sup-

00?

R_(Leveisal

007

2), morphology:

(Dress

ar 1980:;

2). On the other hand, galaxy

ported by observations of general correlations or scakhations which are indepen-

dent of environment. Examples include the Tully-Fisheatieh between disk lumi-

nosity and rotational velocit

or 1

(Tully & Fis

77); therilamental Plane relating

the velocity dispersion, central surface brightness, dfettive radius of elliptical

galaxies

(Faber & Jacksén 19

’6; Djorgovski & D

2vis 1987:d3keret al

198

); and

the Schmidt-Kennicutt (SK) law relating SFR surface dgngitgas surface density

Schmi

1959;_ISE_D.DJLLI|I.LL92I8

b; see Chapler 4). Tight d¢atigns exist between the

mass of the central SMBH and the mass or velocity disperditmedulge of a galaxy

&Magﬂﬂﬂﬂkﬂjﬂ,

1998

1Gebhardet all

00

), indicating a link between galaxy forma-

tion and the growth of the SMBH. On the other hand, the Fundaahdvetallicity

Relation linking stellar mass, gas-phase metallicity aR® $ star-forming galaxies

(SFGs

vary between the centres and outskirts of clus

2012).

| Tremontet all

004

1.

Mannuccet al

01

), has been shown in recent work to

Patiopovilcl lesias-

The feedback scenarios described in earlier paragraphsdprpossible means by

which star formation can be either limited or halted outtigl internal processes.

Mechanisms for direct environmental feedback on galaxiekide tidal interactions

between galaxies and the cluster environment_(White &

F

J1Mamo

1992),

and “strangulation” or “stripping” of gas from in-fallingpgal galaxies in clusters

no
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G_unn_&_G_o_[u 1972; Butcher & Oemler 1 'B;J_amn_lw&_mml_l 1980). These

are supported by observational evidence that spirals ansformed into lenticulars

)

(type SO0) in clusters (Dresslet all[1997;| Fasanet al.2000; Moranret all 2007). In

addition, both tidal interactions and mergers betweenviddal galaxies can cer-

tainly have a significant impact on the galaxies involved.(karson & Tinsley 19%8;

Condonet all|1982; Keelet all|198%) — the question therefore is whether such strong

interactions (and their effects) are common enough to beitapt for the population

as a whole, in clusters and in the field 009:lde Ravett all |2011;

DLa.p.eL&_B.alLa.DMJ » 2012; Tonnesen & 012). Overallppears that both na-

ture and nurture have some influence on galaxy evolutiortheudtompeting factors are

complex and hard to disentangle. In this thesis | will inigegte the relationships be-
tween the ISM, stellar populations and star formation in@asiof galaxies at various

redshifts, in order to cast light on some of the factors deiteing galaxy evolution.

1.2 Observing Star Formation in Galaxies

The study of galaxy evolution is for a large part concernethihie history of star
formation, since stars constitute perhaps the most impocdamponent of a galaxy.
They are not just the most readily observed component, bytdhve some of the most
complex chemical and physical processes, and their foomaind evolution impacts

on the galaxy as a whole, including the gas and dust in the ISM.

1.2.1 Direct Observations: Unobscured Star Formation

There are many different approaches to measuring the SFalafies. One of the
most direct methods is to measure the ultraviolet (UV) canim luminosity, since

this light is emitted mostly by hot, young stars (spectrgdety O and B, see e.g.

Carroll & Ostliel1995) with lifetimes< 10® years [(Kennicuit 1998a), hence they trace

the SFR averaged over that period of time. An alternative méasure nebular emis-
sion lines in optical spectra: the Balmer lines of hydrogda,(Hsj, etc), as well
as ionised metal lines such asI{{23727, [O1]A5007 (see Figurd_1]7) are used to

trace gas in Hi regions, the bubbles of photo-ionised gas that form arobeadhottest
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OB stars|(Stromgren 1939). These trace a slightly morentet@ous SFR because

the stars that emit ionising radiation have lifetimes<of2 x 107 years icutt

19984). Strictly speaking, all methods linked to OB staaséronly the formation rate

of massive stars. More massive stars burn hotter (effettivgperatures- 10, 000 K

for O and B types), so emit more ionising radiation; but thes much rarer (e.g.

Carroll & Ostlie!1995). Ultraviolet-emitting OB stars oretMain Sequence have mass
Mgar > 3 M, although only stars witld/g, > 10 M, contribute significant ionising

flux.

The conversion from these tracers to the total SFR therefepends on the rela-
tive number of massive stars that form, which is determingdhle distribution of
initial masses. The initial mass function (IMF) is generdbelieved to be fairly

constant among different galaxies and galactic star-fognmegions (see review by

Bastian, Covey & Meyér 2010), although understanding wbatrols it and how much

it can vary is a topic of active research (Covey, Bastian & ). Evidence has

recently begun to emerge that the IMF may vary as a functiomags-to-light ratio

Cappellariet alli2012) or central velocity dispersi 12012) in elliptical

galaxies (see also van Dokkum & Contoy 2010), while someesuthve claimed evi-

dence of a variable IMF in globular clusters and ultra-coatdavarfs around the Milky

Way (Kroupaet alll2011;Dabringhausest all 2012; Markset al.[2012). Clearly the

popular concept of a universal IMF remains a contentiouseiss

One further issue with emission line tracers is that youagssdre not the only source
of ionising radiation. Thermal emission from AGN accretaisks peaks in the UV or
soft X-ray regime, so these will createliHregions of their own, leading to emission
lines such as H when the electrons and protons recombine. The excitati@idare
generally higher than in stellar iHregions, due to the hotter thermal spectrum of the
accretion disk, so it is possible to distinguish AGN fronr $temation using line-ratio
diagnostics|(Baldwin, Phillips & Terlevith 19J8:L;Jeil|_e1&§£)§1etb_m_c< 1987).

Spectroscopic observations become more difficult at higlshiéts, as the H line

shifts into the near-infrared (NIR) at~ 0.4, while other tracers such as|Qare sub-

ject to uncertain dust extinction and variation with meczt ( icant

2001; Kewley, Geller & Jansen 2004). The UV continuum is lgastcessible (red-
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shifted into the rest-frame optical at~ 1 — 2 or NIR atz = 3) but can require very
large and uncertain corrections for dust extinction (sesti®@eI.3.2). High-redshift

Ha SFRs can be obtained from deep NIR spectroscopy, given ldegriation times

on large ground-based telescopes dfdlli2006), or from grism surveys utilising

“slitless spectroscopy! (Pirzkait all L Ateket alll2010; Nelsoret alli2012). An-

other successful technique is to use photometric survelysmable narrow-band filters

to pick out Hv emission at a specific redshift, which is a convenient wayoltect a

large sample of SFGs in a known cluster for exam 007;|Koyameet al

010;iSobrakt all[2012). A major issue with this technique is that differeneB are

selected at different redshifts by a single narrow-banerfio alternative means must

be used to confirm the redshifts of the objects selected.

1.2.2 Indirect Tracers: Radio, X-ray and Infrared

More indirect methods for measuring SFRs are useful to asoide of the problems
discussed above and are particularly suited for large gaieSFGs, especially at high

redshifts. The radio wavebands provide one such methodwitds been widely ex-

ploited (Daddiet al.2007b! Ivisoret alll2007; Sevmouet al OOEIE Carilliet al 20043;
1Ashbyet alll2011;Karimet al.l2011). They have

the advantage of being accessible to ground-based fesjlitinlike the IR or X-ray

Dunneet alli2009a| Ibaet alli201

(see below), and do not suffer from any extinction or met#jlidependence, unlike
the UV continuum and optical (metal) emission lines. Radiotmuum emission from
SFGs originates from two main sources. The dominant compatehe frequencies
that are usually observed in this context (e.g. 1.4 GHz — $epteR) is synchrotron
emission from cosmic-ray electrons (CRES), which are acatdd to relativistic veloc-
ities in shock fronts in expanding supernova remnants (JdRs subsequently travel
through the galaxy’s magnetic field. A shallower thermal poment is also present
due to bremsstrahlung (free-free) radiation from eledrnorH11 regions, but this be-
comes dominant only at high frequencies §0GHz) and at 1.4 GHz only comprises
~ 10% of the radio flux(Condoh 1992; 011)

Radio SFR estimators are calibrated to the IR Ild.@.d h&l’ 2008), via the
ubiquitous far-infrared—radio correlation (F @) This forms the
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subject for Chapteil2 and so | leave further discussion tmih. Suffice it to say

that the universality and tightness of this correlationvaes strong evidence for the

validity of the radio tracer. AGN are the chief source of @mnination for radio SFRs:

quasars (quasi-stellar radio sources, a variety of AGN comat high redshift) emit

a strong non-thermal (synchrotron) spectrum from the muscleRadio-loud quasars

can be identified as outliers on the FRC itself (if IR data aslable), or by their X-

ray emission (if X-ray data are available). However, theessf whether radio-quiet

(Seymouet all

guasars/AGN can also significantly contaminate SFRs is suibde

2009; Padovaret all2011).

X-ray fluxes can provide a further indirect measure of the SHiere are three main

sources of X-ray emission in SFGs: high-/low-mass X-rayhbas (HMXBs/LMXBS)

and SNRs (e.g. Kurczynskt alll2010). X-ray binaries are accreting neutron stars (or

occasionally black holes) with either a low-mass{M) companion star (LMXBSs)

or a high-mass>* 8 M) companion (HMXBs). The X-ray emission in both cases
originates from interactions between the accretion flow gnedneutron star’s mag-

netic field. SNRs emit a thermal X-ray spectrum during thespkaof free and adia-

batic expansion_(Persic & Rephakeli 2002). X-ray emissiomfiHMXBs and SNRs

therefore traces the SFR via the population of short-livedsive stars, but LMXBs

are long-lived hence are uncorrelated with the SFR. Thetffness of the X-ray

tracer therefore depends on the relative contribution ftbese sources. Starburst

galaxies can be strong X-ray sources_(Re.rj.Lc_&_R_e.LuJa.eL)ZﬁOWever AGN are also

strong X-ray emitters, and the chief problem with the X-r&RStracer lies in iden-

tifying and removing the AGN contamination. Neverthelessay SFR estimators,

calibrated to the far-infrared (FIR), have been succelsstested at both low and high

004

redshifts I(R:

: :  5d0a:
Lehmeret al IE(HM&[”EL).

[ 20

4;

The radio tracer is linked to core-collapse supernovaedTymplus Ib and Ic), while

the X-ray tracer is linked to these as well as HMXBs. Both rodththerefore trace
high-mass stars\/siar = 8 M, (the only stars that produce these phenon‘lgna_'_c_a.nm_lm_e

1996), which have lifetimes: 107 years. The non-thermal radio emission is addition-

ally smeared out (both spatially and temporally) as theikestic CRESs travel through

Ostl
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the galaxy emitting synchrotron radiation over lifetimésoeder 10® years ((Condon
1992).

Finally we come to the most important indirect SFR traceg, IR continuum, upon
which both X-ray and radio methods are calibrated. The IRsuess the emission
from interstellar dust. Since this forms the basis of thesihel will give a more

detailed review of the astrophysical and observationaliBg@nce of dust in the fol-

lowing section.

1.3 The Importance of Dust

1.3.1 Whatis Dust?

It has long been known that the Milky Way and many other galsxiontain substan-

tial amounts of interstellar dust that scatters and absadhation at optical and UV

wavelengths r 1930; Ist 11946; 11946; also see

Figure[I.®). This dust is a substance similar to smoke or, smotsisting of small

(< 1pm in size) grains of graphite and silicates, as well as largéeoutes such as

polycyclic aromatic hydrocarbons (PAI-Is_'Ii_eLens_&_ALLa.mlmh”_l%_Z : Drainet al

007;|Draine & Liil2007). The dust is traditionally thoughtftrm in the outer en-

velopes of intermediate-age stars with large mass outfleesg ran particular red giant
branch (RGB) stars and thermally-pulsing asymptotic giaanch (TP-AGB) stars.
These are stars with masseslok Mg, < 8 Mg In a late phase of evolution af-
ter leaving the Main Sequence. The zero-age main sequeAddFZmeasured from

when they join the main sequence) ages of such stars vanebetw 107 yr (8 M)

and~ 10*yr (1 M;Carroll & Ostlie|1995). For dust to be produced, stars must fi

form heavy elements (metals) through a chain of a nucleaticgs beginning with the
triple-alpha process and the CNO cycle. In the former, heghgerature and pressure
in the cores of stars allow thréele nuclei to combine to forn?C. This catalyses the
CNO cycle, which produces nitrogen and oxygen from carb@htamirogen, and fur-
ther catalyses the synthesis of all elements lighter’tian The combination of high

densities ¢ 10 m~3) and relatively low temperatures-(1000 K) in the envelopes of
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RGB and AGB stars allows for metals to solidify into graingjgh are either carbona-
ceous or silicate-based, depending on whether the stattsrcaich (i.e. a carbon star)
or oxygen-rich. Radiation pressure carries the grainsothig stellar wind as they cool
and enter the ISI\/_(AALh_i_LI“:LZQD?.). Itis also possible for dagorm in the remnants of
type Il supernovae, the end-points:ef8 M, stars, although the yields are highly un-

m'  Barlowet al. 2010,
Fallestet all 12011;|Matsuurat all 2011;|Lakicevitet al. 2011;| Temimet al. 12012).

certain (Rheet al . Dunneet all|2009a] Gomeert al

Dust can be formed in other phases of stellar evolution wimeblve rapid mass

loss, including type la supernovae, novae, Wolf-Rayesstard planetary nebulae, al-

though these mechanisms are thought to be comparativelyngmrtantl(Cherchneff
2010; Gall, Hjorth & Andersen 2011; Gomeralll2012a] Nozawat alll2011). Once

formed, grains can grow in the ISM if the conditions are rifgt them to acquire
mantles of ices, which provide a substrate for metals to ensé out of the ISM and
adsorb onto the grain_(Tielens & Allamancaola 1987a; Bktiall 2004). The rela-

tive importance of all these formation/growth modes is ad@p active research, but
there is growing evidence that dust must be produced verglyapy multiple mech-
anisms, for example from observations of the large massdagifalready present at
high redshifts (e.g. Gall, Hjorth & Anderden 2011; Michakkiet al.2011). In par-

ticular, the first dust produced in the early Universe musaedrom short-lived stars

(age <1 Gyr; massz>3 M) which have had time to form, produce metals, and lose

mass through post-main-sequence stellar winds or supgenevithin the age of the

Universe at > 6 (Gall, Hjorth & Andersemn 2011).w

Dust can also be destroyed in the ISM. The main processes#truttion are sput-

tering (collisions between gas atoms and the dust grainscplarly in dense environ-

ments) and shock waves from superno i r\Teelens & Allamandola

1987a) Whittet 2003; Blaiet alli2004). Dust may even be removed by outflows if it

is coupled to the gas which is removed by feedback processdsszribed in Sec-
tion[LT3. As a result, dust has a finite lifetime in a galayl old “red and dead”

galaxies are not generally expected to contain large amsaidtust. There is however

accumulating evidence for significant dust masses in égpgfred-sequence galaxies
Vlahakis, Dunne & Ealés 2005; Sti 200@nWRndset alli2012;

Bourneet alli2012; Smithet alli2012b). This will be discussed in more detail in Chap-
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Figure 1.9: The Milky Way in the optical, FIR and & wavelengths respectively. As we look
through the plane of the Galaxy, we see dark clouds whereldosks the optical starlight (top
panel). These appear red because blue light is prefelgracattered. The dust is seen glowing
in the FIR (middle panel) due to its cold temperature. It gldwightest in regions where stars
have recently formed, which are revealed by bright bubbilétoemission in Hi regions (bottom
panel). Images fromvww.chromoscope.net . Credit: DSS/Wikisky (optical); IRAS/NASA
(FIR); WHAM/VTSS/SHASSA/Finkbeiner (Hl).

ter[3.

1.3.2 Reprocessing of Starlight

Dust is responsible for the extinction of starlight at sheatvelengths via absorption
and scattering processes. The combined effect of thesegwes leads to an extinction
curve as a function of frequency that is dominated by a p@s#tiope and a strong ab-

sorption feature centred at 21&5n the Milky Way (Figure[Z-ID), although the form

can vary from one galaxy to anothe 1, Ki I 1994).
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Figure 1.10: The Milky Way extinction curve for a typical sight-line inéHocal diffuse ISM. The

extinction per unit hydrogen column densit¢t/Nyy)
left to the far-UV on the right. The inset shows exti

increases strongly from the optical on the
nctiortiie MIR-NIR. Particular absorption

features are labelled; the exact species responsibleéd?llﬂS& feature has not been identified.

Image fronmmx Figure 21.1).

The slope leads to the observed reddening

of optical lightchvis often quantified

by the difference in attenuation in tHie¢ andV” bands:E(B — V) = A — Ay. This

results from the dependence of both absorption and scagtefficiencies witha /A

(the ratio of grain size to wavelength). Sizes

the wavelengths of interest range frem1000 A

range betweer and ~ 1 um, while
(far-UV) to ~ 10 pm (mid-IR; MIR).

For the smallest grains, absorption dominates the extingirocesses, but for larger

ones, where: and )\ are comparable, Mie scattering becomes important, asidedcr

in detail by_D_La.'LnIe (2011).

This extinction has an effect on SFRs measured from optiwésaon lines and UV

fluxes, which observers must correct foratdased SFRs can be corrected using line

ratios to determine the amount of reddening (

it hi- .

1994), while UV-based SFRs can be corrected using the U\edlmpstimate the red-

1%

dening (Meurer, Heckman & Calz

ti 1999; Koapall2004). Without this informa-

tion about the amount of UV light that is obscured by dust impossible to reliably

estimate SFRs. The obscuration can be very high, since énds tto exist in the

regions of galaxies where the star formation is occurr a.leS;

lalesias-Paramet all |2004:| Konget all 2004;

Buatet al : | ,
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EEIS). It is therefore helpful to complement measuremehthe UV light that es-
capes a galaxy (from unobscured star-forming regions drfges lines of sight) with
direct observations of the light that has been obscured by diis is possible because
the energy that the dust particles absorb is re-emittedeamtil continuum radiation,
with characteristic blackbody temperatures on the ordéems of Kelvin. This emis-
sion from dust peaks in the FIR at around 100, and can constitute a large fraction of

the total energy released by an SFG (Mmmdm;ﬂm@t_m
1984 Soiferet alll1984; Houcket al 1%$).

Early IR observations in the 1980’s revealed that dust exst number of different

phases of the ISM (e.E; zj zlzzzjll 1984;|Heloll 1986 | onsdale Persson & Helou
1987; - ' d 1989), with varying tengteres depending on

the strength of the local interstellar radiation field (ISRPFhysical models for the ab-

sorption and emission by dust composed of graphite, s#scahd PAHs, with a range

of grain sizes, have been highly successful at reprodubmgliservations. Notable ex-
amples include the modelslof Draine & | ee (1984); Desert Iﬂm (1990);

Silva et al _lQ_QJS),.C.h.a.tI.o.L&.Ea'II (2000); Dale & Helol (2002) aln.d.lltalﬂﬂ‘;i.( 2007).

1.3.3 Thermal Far-Infrared Dust Emission

In ISM regions that are remote from individual stars (i.et imoH 11 regions), dust
temperaturd’ is linked directly to the total energy density of photons in the ISRF

via the Stefan-Boltzmann law (assuming a blackbody absprbe

4
U:fﬂ (1.1)

(whereo ~ 5.67 x 10°*Wm~2?K~! is the Stefan-Boltzmann constant). The temper-

ature is primarily dependent on the absolute intensity efIBRF, and only weakly

dependent on its colou itet 2003). Hence dust arouadfetming regions ab-

sorbs more energy from the strong ISRF originating from asdgopulation of bright
stars and therefore is warmer than dust in more quiesceringg It is worth re-
membering that the dust is in radiative equilibrium with tB&F, and not in thermal
equilibrium with the gas, due to the low density of the ISMIIG@mnal heating is only

important in hot dense plasma, such as shock-heated gasis, Bt is not important
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in the ISM (Draing 2011). A consequence of this that the dsigfenerally cold in

the hot gas phase (interstellan ldnd Hii clouds), and is warm in the cold gas phase
(molecular clouds), although very cold dust does existéndénsest clumps and cores

of star-forming regions where the high optical depth sta@idrom the ISRF.

Thermal emission takes the form of a blackbody in the casegpeff@ct emitter; this is
given by the Planck function:

1
exp(hv/kT) — 1

B,(T) = 2hv* (1.2)

The power output of a real emitter is modified by an efficieramyn, known as the
m ). In the case of FIR-

emissivity, which is a function of wavelength (e
emitting dust, the grain size is much smaller than the wangtle which leads to a

simple relation for emissivity as a function of wavelengttirequency:

ker X AP o VP, (1.3)

The power law index depends on the material, but the value 2 is expected for

metals and crystalline dielectric substanc ' 198"t.‘AAthllet

2003). This value is supported by observations of intdestelust in the Milky Way

and other galaxies ( |199_£L; |199_45; Sodrosket all (1997
Bianchi Davies&AIto@ . Paradis, Bernard & MEny 2008)d recent estimates

from thePlanckspace mission.(Planck Collaboratienal.l20118) indicate an average

value of 3 = 1.8 (with a small dispersior- 0.2) for MiII]vIWay dust in both dense and
LL9).

The spectrum of thermal emission is therefore describedrgdified blackbody, or

diffuse environments i 011

greybody function:
S,(T) = v’B,(T) (1.4)

The wavelength of the peak of the dust emission increasésleireasing temperature
T’ this is given by Wien'’s displacement law for a blackbodyhalgh it is slightly
modified for the greybody:

) 1
A ~ 3000 15

Whittet|2003). It is useful at this stage to introduce theaapt of the spectral en-

ergy distribution (SED), i.e. the distribution of the ratilra energy output of a galaxy
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Figure 1.11: Model SED of a typical SFG, from da Cunha, Charlot & Elbaz 00 he unatten-
uated starlight, shown in cyan, is absorbed by two compaeneindust: one associated with the
stellar birth clouds, with an emission spectrum shown iregr@nd one in the cirrus ISM, emission
shown in red. The resulting SED is shown in black. The y-a@s tinitsAL, that accurately
represent the amount of power radiated in each part of thetrspe. It can be seen that about half
of the integrated energy is emitted in the FIR — energy fraamlight that has been absorbed and
re-emitted by the dust. The greatest attenuation occutisairJ/ spectral range\( < 0.3 pm),
while the NIR emissionl( < A < 5 um) remains relatively unchanged. The emission from birth-
cloud dust peaks at a shorter wavelength than the cirrusibedais kept at a higher temperature
by the stronger ISRF. In starburst galaxies with high SFRis,warm component dominates the
bolometric luminosity of the entire galaxy. This SED alsows the relative strength of the PAH
emission features in the MIR: these can account for up to 2@ of the total power output in

an SFG. Figure adapted fram da Cunha, Charlot & Elbaz (20@8y€ 5).

as a function of wavelength or frequency. Figlredl.11 shdwesSED of a typical
SFG, showing the attenuation of UV/optical starlight bytdasid re-emission of the
energy at IR wavelengths. The emission\ag> 20 ym is dominated by two ther-
mal components at different temperatures, one of whichesgmts “warm” dust sur-
rounding the molecular gas clouds from which stars and $tsters form. If there
is a sufficient level of dust-enshrouded star formation tifenFIR luminosity will be

dominated by this warm component, which has temperaturés-of40 — 50K (e.qg.

Dunne & Eales 2001; Sajiret all. 2006; Dyeet al. 2007; Pascalet alli2009). How-

ever, emission from a “cold” component&t~ 20 — 30 K becomes increasingly dom-
inant at longer wavelengths. This cold dust exists in ddfa®uds (cirrus) throughout
the galactic disk, and is associated with the atomic gasepftdy. While the warm

dust can dominate the bolometric luminosity in a high-SFRuga the cold dust has

been shown to contain most of the dust mass in many galaxi $ 2001,

Sauvage, Tuffs & Popescu 2 (5_'_D_Lammll 007).
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1.3.4 Mid-Infrared Dust and PAH Emission

While thermal dust emission in the ISM dominates the FIR simarsof a galaxy, the
MIR spectrum can be more complex. The Rayleigh-Jeans t#iesmal stellar emis-
sion from low/intermediate-mass stars dominates the NIRouground 3:m, but at

longer wavelengths, strong, broad emission bands fromnsiteiéar molecules domi-
nate the MIR in SFGs (e. tl].el_l9k_4__Rthal| 1991 Lutzet al 199_43;

d 1999; also see Fidgurell.Pt¢viously known as
the “unidentified infrared bands”, these features centt&d3 6.2, 7.7, 8.6, 11.3 and

12.7,m are now attributed to polycyclic aromatic hydrocarbonsHBA a label which
covers a variety of large planar molecules built of intédeid hexagonal rings of carbon
atoms surrounded by hydrogen atoms. Other features in tReddlh be attributed to
different molecules, most notable being the strong sa#ieditsorption trough at 9uin
(also shown in Figurmxmmmgm&ﬁaoo

In addition to molecular bands, the MIR contains a non-tl@rromponent resulting
from very small grains of dust (VSGs). These grains have leat bapacity compared
with the energy of photons in the ISRF, so do not attain théegailibrium but are

heated stochastically to temperatures0 — 500K by the absorption of individual

photons|(Whittet 2003; Draine 2011). The temperature of ¥8@refore fluctuates on

time-scales of order minutes to hours as they absorb ensygyghotons and re-emit
the energy in the MIR. Because of the range of temperatueehesl, their emission

spectrum is non-thermal, and depends both on the size ofréiiesgand the average

wavelength of photons in the ISRF (e.g. Draine 2011).

Galaxies hosting an AGN often exhibit another componennutsion from hot dust
which is thought to exist in a torus surrounding the AGN itséhtense high-energy
radiation from the SMBH accretion disk can heat this torutetaperatures of order

500-1500K (limited by the dust sublimation temperatureydiag to strong thermal

emission in the NIR and MIR. 7;Rieke 1978; Ij 5;
M&%auer & Soifer 1986; X J.tsla.asl_a.l
2001; 009). The MIR spectra of AGN appear as a power-law due to the

range of dust temperatures contributing to the continuumd,RAH emission features

are generally absent because those molecules are deshyyed high temperatures
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Rocheet alli1991; L utzet al 1_9_9_45 Klaaset alli2001).

1.4 Observing Galaxy Evolution in the Far-Infrared and

Sub-Millimetre

As we have seen, dust in and around star-forming regionsladsaost of its energy

from the UV starlight of massive, short-lived OB stars. Tdetars are only present in

regions where stars have been forming within the past® years; ' 3a),
and so the IR luminosity emitted by dust (at< 100 xm) is well correlated with
the SFR (e.g._Lonsdale Persson & Helou 1987; Buat & Xu k _19_9_4a;
Calzettiet all 200]

N

;LCalzettet all 2010). This is dependent on the assumption of a

particular IMF, as with all observational SFR tracers (seeti®nL.2). The FIR can be

combined with an unobscured SFR tracer such as UVofltk (e.g..Kennicutet al

009), but it is often used as the sole tracer, assuming that the UV light from

young stars has been absorbed and re-emitted by dust. Ino$tdRiluminous SFGs,
where most of the bolometric emission emerges in the FIR,itha reasonable as-
sumption, but in normal SFGs a significant fraction of the Uyht escapes with-
out being absorbe(L(.Kﬂnuj.(“JlLlQB a; bell 2003; Kennieti#l.2009). On the other
hand, the fraction of star formation that is obscured, tldmethe IR/UV ratio, does in-

crease with redshiftup to~ 1 (ILe Floc’h et alli200%; Buatet al 20_0$ Cucciatet al

012: see also Figufe_1112) as well as with SER_(Calzetti Aﬂﬁhkms.ef_al 001;
{conesetalbook euer alboch

In spite of the limitations, the FIR has proved extremelyfulse extending our un-

fonsoet alli2003;

derstanding of galaxy evolution through star formation. eDa the opacity of the
atmosphere at wavelengths greater thamud4(and in much of the spectrum be-
tween 1 and 14m) it is necessary to use space observatories to observe MIie
and FIR. In 1983 NASA launched tHefrared Astronomical SatellitdRAS, which
mapped over 96 per cent of the sky at 12, 25, 60 and;0®ver its 10-month

mission (Neugebauet all 1984 Soiferet all 1987). The legacy of this survey can
hardly be overestimated, since it led to a truly vast impnoeet of our understand-

ing of star formation and dust in galaxies, a research argahwliis only grown
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over the past three decade$RAS made possible the discovery of high levels of

dust-enshrouded star formation in about 24,000 nearbyigaland distant quasars

(about half of which were previously unknown; Soitgralll1987; e

1989). This included the discovery of a new class of SFGs hieimit most of

their power in the FIR (Houckt al 198",_S.OJIQL_N.eu.g.eb.au.&L&_H.0.Lu:k_L‘987), dubbed

luminous IR galaxies (LIRGs; defined as havifg 1000, > 10* L) and ultra-

luminous IR galaxies (ULIRGSLs_1000,m > 10'?Lg). Following the launch of

ESA’s Infrared Space ObservatorffSO, launched 1995; Kesslet all 11996), MIR

spectroscopyl (Genzet al 19_9_43; Lutzet al 19_&43) together with multi-wavelength

follow-up (Sanders & Mirabzl 1996) revealed these to be @sist-merger systems

undergoing extreme star-formation episodes (starbumsksgh are fueled by cold gas

falling into the nucleus during the interaction.

The Spitzer Space Telescofaunched by NASA in 2003; Wernet all 2004) ben-

efited from greatly improved sensitivity and spatial resiolu and provided imaging
from the NIR to FIR, as well as MIR spectroscopy. Meanwhile Wavelength range

was extended into the sub-millimetre (sub-mm) and millmadty bolometer arrays

such as the Sub-millimetre Common-User Bolometer ArrayUBE; Holland et al

1999) and the Max Planck Millimeter Bolometer Array (MAMBIK)revsaet al 19943).

These were both commissioned in the late 1990’s at higtudétiground-based sites
to make use of the few windows of atmospheric tranmissiohén(sub-)mm, for ex-
ample at 85:m and 1.2 mm. These sensitive instruments made it possibletezt

emission from higher redshifts (elg. Bargtal 1%_43 Hughe®t al 19943 Eale®t al

19991 Lonsdalet all2003), and probe epochs when the galaxies in the Universg tod

were being formed.

Observations have shown that over half of the stellar mas®ipresent-day Universe

is concentrated in massive galaxies with > 10 M, 12003), and

was formed in a relatively short time betweer- 3 and 1, a timespan of 3 — 4 Gyr
Dickinsonet all 2003;|Bundyet al. 2006; see also Sectidn_11I1.2). The early Uni-

verse must therefore have seen much more rapid star fommidwam is occuring to-

day. LLilly et all (1996) and_Madaet al. (1996) were the first to chart the cosmic

star-formation history (CSFH) back to high redshifts, gsphotometric techniques
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Figure 1.12: Evolution of the comoving IR energy density, or CSFH, upzto= 1, from
ILe Floc’het all (2005). The total energy density of Spitzer 24 sources is shown by the
green region, while the contribution from low-luminositglgxies is shown in blue, from LIRGS
in orange, and from ULIRGs in red. The solid line indicates thest fit evolutionary func-
tion o< (1 + 2)>. The IR luminosity density can be interpreted as the obst@feR density
(scaled on the right-hand axis). For comparison, the dabhedndicates the unobscured SFR
measured from the uncorrected UV luminosity density, areldbtted line is the sum of the
obscured and unobscured SFR; note that the unobscuredeapsaoughly a third of the to-
tal SFR atz = 0 but only about 15% at = 1. At z = 0 the IR luminosity density and
SFR are dominated by low-luminosity alaxies, butzat= 1 they are dominated by LIRGs.

The figure is taken frorh Le Floc'et all ; Figure 14). Data for the CSFH are from (dust-
corrected) UV, by, IR, and radio surveysl Connolht al (1997);|Tresse & Maddox (1998);
Treveret all(|199$)LE|_Q_Le&La_|ldJ_9_9$ er (199D): Haarsetall (2000);

Ma.aha.lskj_&ﬁ.o.dlgmjh |(2000)|§.ulluaa.'r_a.ll (2001); Immgn.mm.n_&_amdﬂnbk (2002);

to estimate the evolution in the UV/optical luminosity digpgsee Figuré_1.12). The
CSFH undergoes a strong increase with look-back time up 4o 2, which is mir-
rored by a significant increase in the density of LIRGS andR{&$ from the local

Universe toz ~ 2 — 3 indicating that these extremely luminous systems coristdn

important phase in the formation of the most massive gaseieig). Caputet all2006;

Daddiet alli2007b; Clementst al 209_43 Gonzaleet alli2011; Hickoxet alll2012).

Sub-mm telescopes have proved important for probing to bigthredshifts for sev-
eral reasons. Flux falls off with luminosity distance seaghrso star formation can
only feasibly be detected in deep continuum observatiotisamest-frame UV, FIR or

radio (see Sectidn.2). In addition, the spectrum is régghso that a fixed bandpass
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or filter will detect light emitted at shorter wavelengthssmurces at higher redshifts.

To account for this, thé-correction is used to convert an observed flux or magni-

tude to the expected value in the un-redshifted spectrematitificially shifting the

filter into the rest frame of the source. The negative slogdirfdd with respect to

frequency) of the radio spectrum in an SFG means that, aasang redshift, the part

of the spectrum observed by a fixed filter is intrinsically keya This means that the

k-correction is positive, i.e. the measured flux must be msed to correct to the rest

frame, and it becomes increasingly difficult to detect th& #itiincreasing redshifts

due to the compounded effects of distance and redshift. [bpe sf the UV spectrum

can be positive (with respect to frequency) in a blue SFGlifgpto a slightly negative

k-correction which reduces the fall-off in flux with distanciternal reddening by

dust will have the opposite effect however, making the UWiiggeaker and the SFR

calibration highly uncertain. Even in an unobscured galthy spectrum hits a break

at rest-frame 914, the Lyman limit (see FigurEZL1), since light at shortever

lengths is efficiently absorbed byliHin the line of sight. Hence a high-redshift source

will be seen to “drop out” of any filter at rest-frame < 912A, but still be visible

at longer wavelengths. This can be useful for selecting-hgglshift galaxies in deep

optical/NIR surveys. (Steidel & Hamilton 1

9

3: Ma

au

9

Ofeifelet all
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), but

high sensitivity is still required for high-redshift detems, and the SFR calibration

from rest-frame UV is still subject to assumptions about @scuration.

The sub-mm wavelength range gets around both of these pnebl€hek-correction

is negative and very strong because the spectrum is in tep Rayleigh-Jeans limit

of the greybody function [c.f. equatiofn.(1.4)]:

S, oc 20

(1.6)

Over a large range of redshifts this cancels out the falixifi distance, so the flux can

actually increase with redshift (betweén< = < 10 when observing at 850m, for

example] Blairet all200:

2). This phenomenon has been used to great effect in blind

sub-mm surveys with SCUBA (and similar instruments) to o populations of dis-

tant ULIRGs atz ~ 2, dubbed sub-mm galaxies (SMGs; Smail, lvison & Blain 1997;
.Sma.u_el_a.I”ZODjl) H %&ﬂdﬂlﬂ& ; r, Cowie & Richards
oob visaret al heeb 2000|200 1996 2000 0ol
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002, ZOOQEI 2005; etc). This population appears tordiften local ULIRGS,

having longer-wavelength SED peaks suggesting colderageedust temperatures

Chapmaret all2005; is 2007; idisal OOSL Magnelliet al

010), although it is likely that SMGs form a heterogenougysation of both lumi-

nous starbursts and cold and dusty “normal” SFGs|(e.g. Haletaall2011] Magnelliet al

012).

In high-redshift sources the sub-mm traces the rest-fraliRectose to the~ 100 ym
peak of the SED, so is a good tracer of the luminosity and ma#seocold dust at

least. Nevertheless, accurdtecorrections based on knowledge of the shape of the
SED are crucial (e.q Sevmo_er_a.ll 009;. Symeonidigt al ZOQ_J) Elbazt alll2010;
Hwanget alli2010a; Bournet alli2011] Murphyet alli2011) Nordoret alli2012] Casey

; see also ChaptEl 2). In LIRGs and ULIRGs, where moshefliminosity
comes from dust heated by an obscured starburst, this FIRsemiis a good tracer
of the SFR, in contrast with the UV which is mostly obscuretds Inot so clear that
2 100 pm luminosities are well-correlated with the SFR in less luonis galaxies

due to the contribution from cirrus dust that could be hedtgdalder stellar popu-

lations (e.gl Helau 19 &__I_Qns_da.lglzess_o_n_&_t"lou 87:emx & Youn 1992;
1I1_19|91§__B_Q_sﬂj_a_|] L Buatt al ;L Boquieret al
Ema MIE) This issue will be revisited in Chap-

ters[3 andi4.

Far-infrared and sub-mm astronomy have always presentéidipar technical chal-

lenges: the long wavelength limits resolution due to ddfian; atmospheric emission
and absorption restrict ground-based observatories tohigh altitudes and narrow
wavelength “windows”; instruments must be cooled to very temperatures to de-

tect the very cold sources; and high sensitivity is diffi¢doliachieve with bolometer

arrays |(Blairet alli2002). The diffraction-limited resolution is given by thayeigh

criterion:
Omin(rad) = sin Opmin = 1.22\/D. (1.7)
Single-aperture instruments such as SCUBA and MAMBO ars timited by the

diameter ) of their dishes (15m and 30m respectively), with angula@ohations

of 15 and 11 arcseconds respectively. Significant improvesnia this respect are
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achieved by interferometric cameras such as the IRAM RladeaBure Interferometer

(PdBI;|Guilloteatet all|1992) and the Sub-Millimeter Array (SMA; Ho, Moran &L o

2004), but at the expense of field-of-view (restricted todh#er of an arcminute) and

integration time.

Many of these limitations were overcome by ESHsrschel Space Observataiigun-

ched April 2009;| Poglitschkt all 2006), with two photometric cameras: the Pho-

todetector Array Camera and Spectrometer (PAIC_S;_BJQJQEEIL 010) operating
in the FIR at 70, 100 and 166n; and the Spectral and Photometric Imaging Receiver

(SPIRE Griffinet alli2007) operating at 250, 350 and 50@. These wavebands span

the peak of FIR emission from dust at redshifts 1 — 4. Herschelprovides unprece-
dented mapping speed and sensitivity, enabling surveystmepnuch larger volumes
(by orders of magnitude) than were previously possible énstib-mm; the largest be-
ing theHerscheMulti-Tiered Extragalactic Survey (HerMES; HerMES Coltahtionet all

2012), the PACS Evolutionary Probe (PF.E'.LEIB.I“ZO_’LLE and théHerschelAstro-

physical Terahertz Large Area Survey (H-ATLAS,; 0104a). H-ATLAS in

particular has opened up a sub-mm window on a large volumieeolioical Universe,

permitting observations of cold dust in large statistieahples at low redshift.

Sub-mm research in the coming years will be dominated by tige lamounts of data
acquired byHerschelover its three-year mission, alongside two other impoiitasitu-
ments. The long-awaited SCUBA-2commissioned in 2011) has replaced SCUBA,
allowing greater sensitivity and mapping speed for surieythe sub-mm, while the
Atacama Large Millimetre/Sub-mm Array (ALM#® came online in September 2011

and offers high-resolution interferometry with extremiigh sensitivity.

1.5 Aims and Motivation for the Thesis

Clearly a great deal of knowledge has been acquired from ¢tRseb-mm observations
of galaxies over the past three decades. Yet, as we havetseegliout the preceding

review, many open questions still remain over the evolatigrprocesses which cul-

3http://www.roe.ac.uk/ukatc/prmectslscu batwo/
4http://almasmence.eso.orq/
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minate in the diverse galaxy population seen in the preseivietse. The processes of
star formation are poorly understood, but observed relatguch as the SK law show
that the density of gas plays an important role in contrgliin The well-used corre-
lations between the IR and more direct star formation tsasenilarly show us that
warm dust is strongly linked to the occurrence of star foramatalthough the link with
cold dust is less well established. The observational itapce of dust was elegantly
summarised by Andrew Blain_(Blaigt alll2004; p14):

“The mass of dust in a galaxy is relevant for understandisgchiemical
evolution prior to the observation. The creation, destimceind recycling
of dust are important for understanding both the processtaf forma-
tion, and the feedback of processed metal-rich materialtiné ISM, in all
galaxies. This is a potential advantage of studying galasoligion from
dust emission. First, the currently active star-formingians are picked
out clearly by their powerful dust emission, without anyageas stars
burn out of their dust-enshrouded nurseries to become leisiboptical
wavelengths. Secondly, the dust mass should give a diresturement of
the amount of heavy elements that have formed earlier, sutgjdew un-
certainties about stellar astrophysics or the fraction @tats sequestered

in stars, which can be probed using stellar spectroscopy.”

Thus far, FIR astronomy has taught us much about the mosiriitabus SFGs and
starbursts which signal the location of the most intensefgtenation in the history of
the Universe. The use of sub-mm telescopes has introdudedius idea of cold dust
being the dominant component of the dust mass in most galakierschelprovides
for the first time a view of the dust content in a large numbdoocél and low-redshift
galaxies that can be studied in detail at all wavelengthsilaAlHRGs and ULIRGs
dominate the SFR density at high redshifts (see Figuré ai@yeveal the build-up of
the most massive galaxies, we also need to look at less lwsimapulations to see the
growth of the whole population of galaxies. With these idiea®ind, this thesis will

take three approaches to study populations of galaxiedfatatit cosmic epochs.

In Chaptef2 | will describe a study of the FRC as a functioneafshift in a galaxy

sample selected in the NIR at redshifits< z < 2. The FRC is a well-established
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correlation in SFGs at low redshift, and underpins the agsiemthat the non-thermal
radio continuum can be used to trace the SFR. Until recentigd only been tested
at high redshifts in samples selected in the MIR/FIR, whigrawbiased towards the
most luminous SFGs. Furthermore, the IR SEDs of high-rédSisGs may differ

from those at low redshift, which affects the calibratiorflokes at different redshifts
via thek-correction. This chapter will describe the first analydithe FRC and SEDs
in a high-redshift sample selected in a waveband not dyreetated to the SFR (i.e.
the NIR), using a “stacking” technique to recover averageefiitbelow the noise limits

of the FIR and radio imaging. This work was previously puidig in the literature

Bourneet alli2011).

The aims of Chaptdd 3 are to explore the sub-mm propertiesdifiary galaxies se-
lected in a low-redshift optical survey. Once again, theufois on understanding a
population that would not normally be detected in flux-liesitsamples at the wave-
lengths of interest. The unrivalled areal coverage of H-ABLhas made possible
for the first time a large-scale statistical census of thd doist content of the typical
galaxies selected in low-redshift surveys such as SDSSelae and refine the stack-
ing techniques used in the previous chapter to accuratesune the average masses
and temperatures of cold dust in galaxies as a function d&staass, optical colour

and redshift, up ta = 0.35. The work described here has also been published in the

literature (Bourneet alli2012).

Chapteil® will again make use of the wide areal coverage ofTHAS to pick out
galaxies in the local Universe (< 0.05). The most IR-luminous galaxies in the lo-
cal Universe have been well studied sinBASsurveyed the sky at wavelengths from
12 — 100 pum, but large blind surveys at longer wavelengths were impessintil the
advent ofHerschel | use observations collected by my collaborators and mysel
addition to public archival data, to measure the gas contieansmall sample of nearby
galaxies from H-ATLAS with high 500m fluxes, a selection that has not previously
been attempted in the local Universe. This constitutes drased sample of the galax-
ies with the greatest dust masses, many of which have noiopidy been studied in
detail since they are not luminous in the FIR band$RAS | use this sample to ex-

plore the correlations between various components of the t8e cold dust probed
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by Herschej warm dust probed bJRAS molecular (H) gas estimated from CO ro-
tational transitions; and atomic (jgas detected in the 21 cm line. These are used to
assess the reliability of the sub-mm bands as SFR tracevs/#$FR galaxies, and the

likelihood of cold dust being heated by old stellar popuas.

The results and conclusions of the research will be sumethiis Chaptefls. | will
discuss the relevance of the new understanding gained fimwbrk in the context
of our wider knowledge in the field of extragalactic astroiypand | will explore the
possibilities for future projects to follow up on the resultescribed in the thesis with

the next generation of instruments and surveys.
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Chapter 2

The Far-Infrared—Radio Correlation

In Massive Galaxies At High Redshift

2.1 Introduction

2.1.1 Background

In ChapterlL we saw how star formation can be detected by wdis@ns in vari-

ous parts of the spectrum. Two very successful techniqueshvware universal and
relatively easy to measure, are the continuum fluxes at FiRradio wavelengths.
These are linked by the FIR—radio correlation (FRC) whiclbbserved in galaxies
throughout the low-redshift Universe (van der Kruit QIZQQIE_Ld_&_I:La_DLe_/ 1984;
Helou, Soifer & Rowan-Robins 08|5_'L_0.a:lo.n_]992). The FR@Onear, remark-

ably tight and holds for a wide range of galaxy types over astiéve orders of mag-

nitude in luminosity (Figur&211; 0Ol )can be explained in
terms of ongoing star formation producing hot, massiMe¥ 8 M) stars with short
lifetimes (< 108 years _Kanqu“I_L‘l&Ba). In an SFG, the UV radiation fronséhgtars

is the dominant heating source for dust in the ISM, hencehbenal FIR emission

from dust is correlated with the SFR (see Seclioh 1.3). Nanrbal radio continuum
emission from SFGs arises from synchrotron radiation byntosay electrons (CRES)
accelerated in type-Il SNRs, the endpoints of the same reashort-lived stars that

heat the dust via their UV radiation (see Secfion1.2.2).réde emission is smeared
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Figure 2.1: The linear correlation between luminosities: Lig and log L1 4cHz (@), and be-
tween the fluxes (b), for alRASflux-limited sample of 1809 galaxies witbisy > 2Jy (from

n_2001; Figure 5). Grey circles in (b) adigeexcess sources (radio AGN)
which are relatively rare in FIR samples, but are easily @it&ut in this way.

out through the galaxy as the relativistic CREs travel tgfothe galaxy over lifetimes

of ~ 10® years, during which they emit synchrotron radiation vi@iattions with the

galactic magnetic field (as describediby Condon 1992, andrslbservationally by
|Mumh;Le1_a.l, 006).

Radio fluxes can also be boosted by the presence of AGN in SR&$o-loud AGN
can be picked out by their offset from the FRC (see Fiduré, Aalthough the un-

certain contribution from more radio-quiet AGN can lead tatger in the correla-
tion. Likewise the FIR can be contaminated by sources whiehuarelated to the

SFR, particularly at long wavelengths by cold “cirrus” dimtated by older stars

Calzettiet al. 2010), while shorter wavelengths can be boosted by dusetdat

AGN and by the variable contribution from PAH emission featuand the 1pm sili-
cate absorption trough (see discussions in Sediiond 1I33X¥4). As these features are

redshifted into observed bands suchSgstzeis 24 m, the use of such observations

as SFR indicators at high redshift is subject to some coterisee e.g. Dalet al

2005; Weblet alli2006; Calzettet al.2007; Daddit al.2007b; Papoviclet al.l2007;
Young, Bendo & Lucero 2009; Rielet al ZOQJ} Greveet all2010).

Nevertheless, the existence of such a consistent and tduguinear FRC indicates

that both FIR and radio photometry are tracing the same @sggical phenomena.
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More specifically, the linearity suggests that both radid &R luminosities are di-
rectly proportional to the SFR. Some observations haveesigd a breakdown in the
linearity at low luminosities ;g < 10'° L), and this is interpreted as being a result

of FIR emission from dust heated by older stellar populationcorrelated with the

SFR [Fitt, Alexander & Caox 1988; Devereux & E'|as_1989). Hoere the linearity

and tightness of the correlation over a wide range of lumiiess for two such dis-

parate emission processes, is difficult to explain thecaiyi “Minimum energy” es-

timates of magnetic fields in galaxie idge 1956) inglsirge variation between

normal galaxies and extreme starbursts like Arp220. Toaw@ constant FIR/radio
ratio between such disparate systems, complex physiagi®os need to be provided,
for example invoking strong fine-tuning to regulate elestescape and cooling time-

scales, or short cooling time-scales with magnetic field8) times stronger than the

“minimum energy” argument suggesLS_(lh.O.mpma.I] 006).

Voelk (1989) first suggested a “calorimeter” model wherebthldJV light from mas-

sive stars and CREs from SNRs are (a) proportional to thersape rate, and (b)
efficiently absorbed and reprocessed within the galaxyhabthe respective energy
outputs in FIR re-radiation and radio synchrotron woulchidwe tied to the supernova

rate. This theory requires a correlation between the aeszagrgy density of the radia-

tion field and the galaxy magnetic field energy density. V@etiues that this is plausi-

ble if the origin of the magnetic field is a turbulent dynamfeetf, since the turbulence
would be largely caused by the activity of massive stars jeamte correlated with the
supernova rate. Alternative non-calorimetric modelsudel those OlLI:Le.I.Q.u_&_B_LQiLy
1993), using a correlation between disk scale height aac#tape scale length for
CREs; anJi_Mklas_&_B_e(:k (1997), in which the FRC is driven byretations with the

overall gas density and equipartition of magnetic field aRE@nergy.

Bell (2003) argues for a “conspiracy” to diminish both thdRFAnd radio emission

originating from star formation in lower luminosity galasi. In this paradigm, low-
luminosity galaxies emit proportionally less IR light (ielation to their SFR) because
of an increased escape fraction of UV photons, i.e. they ane roptically thin. The

non-thermal radio emission is also diminished at lower husities, possibly as a

result of increased CRE escape probability (Chi & Wolfeede#)90). Bell argues that
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the correlation is linear because both of these effectsceedlne luminosity by the

same amount: a facter 2 for ~ 0.01 L* in comparison to~ L* galaxies (see also

Price & Duri¢/1992). The calorimeter model lof Lacki, Thomps®Quataelt|(2010;

hereafter LTQ) invokes different conspiracies to prese¢hescorrelation in low and

high gas surface density regions respectively. The lowsithienonspiracy results from

UV and CRE escape as in_Eell (2003). At high densities, CREs lnore energy

through Bremsstrahlung and ionisation processes, thugirggithe amount of energy
apportioned to synchrotron emission by a factor of up-tQ0 in starbursts. This is
cancelled out, however, by additional non-thermal emrsfiom secondary electrons
and positrons, and by the fact that the 1.4 GHz flux probesri@nergy CREs at higher

magnetic field strength (i.e. in starbursts).

The physical origin of the FRC therefore remains an opentaues A full review

of the theories is beyond the scope of this study, but a motalelé discussion of

the literature can be found In_Vlahakis, Eales & D 20@Ad a more in-depth

treatment is provided by LTQ.

2.1.2 Research Project Aims

Current research on the FRC attempts to extend measuretoemisls high redshifts

and low fluxes, in particular to explore whether there is arpfigion (Appletonet al

2004 Fraveet alli2006] Ibaret alli2008] Garret all2009] Sevmouet alli2009; Ivisonet al
2010&,b; Sargemt alli2010 Huynlet all2010; Jarvist alli2010;] Maoet allj2011;

o ok )

r 20112). Measurements of any emoiybr lack thereof)

would improve the accuracy of FIR-/radio-estimated SFRugtt redshift, and could
shed light on the mechanism governing the FRC, as well adigigimg differences in

the physical and chemical properties of SFGs at high and éolshift (Seymouet all
2009).

In this chapter | describe an investigation of the FRC overgd redshift range, in a

sample that is not limited by FIR or radio flux, which was pabid in_Bournet al

011). UsingSpitzerFIR data and radio data from the Very Large Array (VLA) and

the Giant Metre-Wave Radio Telescope (GMRT), | quantifyERC as a function of

redshift in massive galaxies selected from a NIR survey®tikitended Chandra Deep
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Field South (ECDFS). | use equatidén{2.1) to define giaridex, which quantifies the
FRC as the logarithmic ratio between rest-frame monochtiori#R flux (Sir at 24,
70 or 160um, measured in filters with bandwidths of 4.7, 19 and.8brespectively),
and 1.4 GHz radio flux{: 4 ch» Measured in a bandwidth of 25 MHz).

qr = logy <%ZHZ) (2.1)
| also investigate the effects of using different FIR baralgquantify the FRC, and the
effects of assumptions about the SEDs of the galaxies iretimgke. | employ a “stack-
ing” methodology to recover sufficient signal-to-noiseaaton faint objects to obtain
measurements of the average properties of the sample. Aance cosmology of

Qv = 0.27,Qp = 0.73, Hy = 71 kms !Mpc~! is assumed throughout this chapter.

2.2 Data

2.2.1 The Sample

The ECDFS is a~ 0.25 deg square centred a&"32M30%, —27°48'20" (32000). It
is a much-studied region of sky, with a rich body of publistizda and studies of
extragalactic sources at a broad range of wavelength<lsimgt from X-ray to ra-
dio regimes. | use radio synthesis imaging at 1.4 GHz fromMhA as described
in IMi , ‘ZO_O_EL), and at 610 MHz from the GMRT as describe
010a). For the FIR, images from the Multi-band Imaging tBehweter forSpitzer
(MIPS) at 24, 70 and 160m were obtained from the FIDEL survey (DR3; Dickinson & FIDEdam
007). Details of the depth and resolution of each data sebedound in Tablg2]3.

To look at a range of galaxy types over a range of redshifts wstrgive careful
thought to how the galaxies are to be selected. Selecting-kagyht galaxies will nat-
urally favour active radio galaxies, while selection ati24 is likely to favour galax-

ies with dusty starbursts and/or obscured AGN componertiesd biases will affect

the distribution ofgr in the sample (see elg. Sargehali|2010a). There is however

a good body of evidence that distant massive galaxies in gerah phases of star-

formation and nuclear activity can be effectively seleatedNIR filters at~ 2 um

(e.g.lConselicet al.i2007; Daddet al.i2007a] Williamset all2009). This part of the
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spectrum is minimally affected by dust absorption, AGN atitecocomponents, hence
is relatively insensitive to the “type” of galaxy or the sleapf its SED. Furthermore
it is insensitive to the age of the stellar population (heS8&®), because the light is
dominated by old main-sequence stars that make up the btledtellar mass in all
galaxies. Hence the NIR rest-frame luminosity is primatigpendent on stellar mass
only (Glazebroolet alll199%; Gardnér 1995).

In the ECDFS there exists NIR data from t8pitzerinfrared Array Camera (IRAC;

Fazioet all2004), of which the two shortest wavelength bands (3.6 abg4) can

be used as an effective tracer of stellar mass } ). A catalogue
of IRAC sources matched with optical-NIR photometry in theltiiwavelength Sur-
vey by Yale—Chile (MUSYCi_Gawiseat alli2006) is collected irSpitzets IRAC and

MUSYC Public Legacy of the ECDFS (SIMPLE; Damenal.l2011). The catalogue

was extracted from IRAC 3.6 and 4um images, and is limited by the mean of the

AB magnitudeq[3.6] + [4.5])/2 < 21.2, giving a total of 3841 sources (Damehal

2009b). The IRAC sources have been matched to multi-wagtierounterparts in
MUSYC, providing photometry il BV RIz'JHK bands. Stars have been identi-
fied and excluded from the catalogue using the colour ooitei — K < 0.04, and

potential AGN were removed by excluding any matches withr@dna X-ray sources

Virani et al ZOD_& . Photometric redshifts were collated for all objentthe sample

from COMBO-17 (Wolfet all2004), and by using theazy code (Brammer, van Dokkum & Coy

) as described hy Damenall (2009b). Dameret al. compared the photomet-

ric redshifts €) to spectroscopic ones,) where available, and showed that the me-

dian (|z — z4|/(1 + z)) = 0.033 (0.079 atz > 1). Stellar masses were derived by

Damenet all by fitting the UV-to-8um photometry from SIMPLE with the spectral

synthesis models fro rlot (2003), and weremadised to a _Kroupa

001) IMF. As described in Sectidn 2Z.P.2, | divide the samipto bins with sizes

Az/(1 4+ z) ~ 0.2 — 0.4, so it is safe to neglect these photometric uncertainties.
The final catalogue used in this work, after matching and kengpstars and X-ray
sources, contains 3529 sources with photometric redsiniftto - = 2, in the re-
gion of the ECDFS defined by the rectanglg’51'48” < RA < 53°25'14”,
—28°0327" < Dec < —27°33'22" (J2000).

pi
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Table 2.1: Redshift bins and statistics of the sample

Bin Boundaries Mediariz) Count
ALL 0.00 <z< 2.00 0.73 3172
ZBO 0.00 <z< 0.40 0.21 528
ZB1 040 <z< 0.61 0.53 529
/B2 061 <z< 0.73 0.67 529
ZB3 0.73 <z< 0.96 0.87 528
ZB4 096 <z< 1.20 1.06 529
ZB5 120 <z< 142 1.29 264
ZB6 142 <z< 200 1.61 265

2.2.2 Binning and Stacking

Since sources are selected by their NIR flux across a rang&Dftes, many are
likely to be faint or undetectable at the wavelengths ofredge In order to probe the
evolution of fluxes as a function of redshift, | stack galaxi®o seven bins in redshift
(TablelZ1) and measure average fluxes in each bin. Bins Wes®n to contain equal
numbers of sources (thus giving similar error bars) and taioka stacked signal of
at leastho significance in each band. In the highest redshift bin, theeBuvere high
enough for the bin to be split into two to extend the redslaifige (by increasing the
median redshift of the last bin from 1.42 to 1.61). The greisaatage of stacking is
the gain in signal-to-noise ratio, as combining many saureduces the random noise
while maintaining the average level of the signal. This gsisit the expense of knowl-
edge of the individual galaxies, but with careful applioatof criteria when binning
the galaxies, and with a large enough sample, it can revepépties of galaxies below

the noise and confusion levels. The technique has beenaigeddt effect many times

in the literature; for examplmﬂnad ML);M‘%)'M
007);| Takagit all (2007);| Whi (IZE’); ' );_D_unuel.a.l]

009b); lvisoret all (20104).

We do not know the distribution of fluxes in the stacks, butsimve select mas-
sive galaxies ¥ 10'° M, in most redshift bins; see FiguteR.2) with unknown SEDs
at a range of redshifts, we may expect to be prone to someemutliFor exam-
ple, radio-bright AGN have unusually high radio fluxes anel antliers on the FRC.
We cannot be certain that these have been successfully eghilmam the sample by

cross-matching with the Chandra catalogue, as we know fiese tis limited over-
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Stellar Mass (solar units)
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Figure 2.2: Scatter plot of stellar masses in the catalogue as a funofipimotometric redshift,
with the divisions between the redshift bins marked as daBhes. Large circles mark the median
mass and redshift in each bin.

lap between X-ray and radio-selected AGN samp_l_es_(RQﬂgA 007; Pierceet al

201

1 Griffith & Ster

2010; although see Section 4.5.1).eréfiore used the median

statistic to represent the properties of the typical galsxn each stack, because un-

like the mean, the median is resistant to outli

1%

001:IWhiteet all 2007

Carilli et al 20_0_&

Dunneet alll2009b).

The most significant sampling bias is that of stellar masg. skéllar masses of galaxies

in the catalogue have been estimated by Dagt 009b), by SED-fitting with a

Km_up_ili 2001) IMF. Any flux-limited sample is biased towandsre luminous objects

which are detected in a larger volume than intrinsicallptiai ones; this is Malmquist

bias

Malmaquis

197

2). Since the NIR luminosity is a proxy $tellar mass, the sam-

ple will be increasingly dominated by more luminous objeaitincreasing redshifts.

Hence the median mass in the sample is lower at lower redgbificause low mass

galaxies dominate the population), but is higher at higeéshifts where only the more

massive galaxies are detectable. This is illustrated inrfeig.2, and | test the effect

on the results in Sectidn 2.5.1.
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2.3 Stacking Methodology

2.3.1 Stacking into the VLA and GMRT Radio Images

The radio images have pixel units 6§ beam ', and each pixel value is equal to the
flux density of a point source located at that position. Treuagption that the pixel
value at the position of each catalogue object gives theecbradio flux density for
that source is generally good, though requires a small ciooreto give the total in-
tegrated flux of the source. This integrated-flux correcacnounts for any sources
being extended over more than one beam, and also for anyreettio offset between
the catalogue coordinates and the radio source positiorerV8tacking, it is suitable
to consider the overall effect on the median stacked sosocthe integrated-flux cor-
rection is calculated from the stacked “postage-stampgenaf the full sample. This
image is created by cutting out4d x 41 pixel square centred on each source, and
stacking the images by taking the median value of each phted.integrated flux was
calculated using theips packagesMFIT and the correction is simply the ratio of this to
the value of the peak (central) pixel in the image. | testedtivér the integrated/peak
ratio varied significantly between different redshift hias might be expected if a large
number of sources at low redshift were resolved. Repeati@agMrIT fitting on indi-
vidual redshift bins at 1.4 GHz and 610 MHz, results were =test withinlo of the
stack of all sources, so | conclude that the stacked soureasnaesolved in all bins.
The uncertainty on the correction is calculated from thes@an the postage stamp,
which is taken into account in fitting the integrated flux. Tiheegrated-flux correc-
tions from the stack of the whole catalogue therefore hawalsnerrors, hence | used
these to correct measured pixel fluxes in all the radio stadkeese corrections are

1.55 4+ 0.08 for 1.4 GHz andlL.05 4+ 0.12 for 610 MHz.

This correction also accounts for bandwidth smearing (atrumental effect caused
by the finite bandwidth of the receiver that results in sosiaygpearing more extended
with increasing angular distance from the centre of the o), since integrated flux

is conserved by this effect.
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2.3.2 Stacking into theSpitzer FIDEL Images

Measuring fluxes in the MIPS images requires a differentriggle, due to the large
point spread function (PSF) which results from the diffi@etimited resolution of
MIPS. The centre of the PSF can be described by a roughly Gaugsofile, with
FWHM of 6, 18 and 40 arcsec in the 24, 70 and LG0Obands respectively (Rielet al

2004). The outer portion of the 24n PSF consists of a pattern of Airy rings caused

by diffraction and interference. The amplitude of theserigd” is known to vary be-
tween different pointings and different source coloursr this reason, and to allow
for potentially resolved sources, | chose to measurer24luxes by aperture photom-
etry, and adopted an aperture of 13 arcsec with an apertuarecton of 1.16 based

on the theoretical SINY TIM point response function (PRFand the results of the

SpitzerExtragalactic First Look Survey (xFLS; Faddhall 2006)? to measure total

fluxes in Jy. | also attempted to measure an empirical PRF founces in the map
(as recommended in the MIPS Data Handb®pkising thePRF.ESTIMATE module

in the MOPEX packagé to estimate a PRF from stacked catalogue sources. The PRF
describes how the PSF (the shape of a point source havinggtssugh the optics of
the telescope) is translated by the detector and how it appethe image, accounting
for the finite size of pixels and any offset between the PSFroehand the centre of
the nearest pixel. For this analysis the image was resanfyyledfactor of 4 to allow

for such offsets angRF-ESTIMATE was used to measure a median PRF from stacked
images of detected catalogue sources, and of bright, ébfadint sources selected in
the map. Poor agreement was found between the PRF and a&peotuections cal-
culated in this way and the xXFLS results. This could be bex#us chosen sources
are not suitably isolated (so their flux is contaminated bigmegouring sources) or

because they have too low signal-to—noise (so their fluxmnsamninated by spurious

ITINyTim for Spitzer developed by John Krist for th&pitzer Science Center (SSC). The
Center is managed by the California Institute of Technolagyder a contract with NASA.
Web page available iittp://ssc.spitzer.caltech.edu/archanaly/contribute a/

stinytim/index.html
2Sample xFLS and STy TiM PRFs are available on the SSC websfiip://ssc.spitzer.

caltech.edu/mips/pst.html
3http://ssc.spltzer.caltech.edu/mlps/dh/
4http://ssc.spltzer.caltech.edu/postbcd/download- Mop ex.html
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http://ssc.spitzer.caltech.edu/archanaly/contributed/stinytim/index.html
http://ssc.spitzer.caltech.edu/mips/psf.html
http://ssc.spitzer.caltech.edu/mips/psf.html
http://ssc.spitzer.caltech.edu/mips/dh/
http://ssc.spitzer.caltech.edu/postbcd/download-Mopex.html
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noise peaks). | therefore opted to use the published aperturection of 1.16 for a 1'3
aperture; any error in this correction is systematic antlafféct all fluxes identically,

so will not change the conclusions.

Due to poorer resolution in the 70 and L@@ maps, it is sufficiently accurate to
measure point source fluxes by applying a correction to tinéraepixel value: the
factors used were 43.04 and 46.86 at 70 and;&bGespectively (David T. Frayer,
private communication). This converts the fluxes to unit§ pheam ', and accounts
for large-scale emission in the wings of the PSF, as well asl@uc correction. No
further correction is required to measure total (integtpfieixes as we can confidently

assume that none of the sources is extended in these two.bands

In stacking the FIDEL images it was necessary to excludectdjdose to the edges
of the map where the noise was higher, to ensure that noiseistacks reduced as
1/+/N and to prevent gradients being introduced into the posttyes. This was
achieved by placing lower limits on integration time. Limivere chosen based on
stacks of random positions, resulting in the exclusion &f 8.6 and 9.9 percent of
the 3529 catalogue sources in the 24, 70 and;kb®ands respectively. Since these
cuts are based on integration time alone, there is no ctoelaith the nature of the
sources themselves, so no systematic effect on the megmagetties of the galaxies
will be introduced. Postage-stamp images of the stackeslibithe MIPS and radio
maps are shown in Figuke2.3, including noise contours axithesl in the following

section, while stacking results are shown in Tablé¢ 2.2.

2.3.3 Analysis of Random Errors in Stacking

Random errors in any flux measurements arise from noise imtage. Simplistically
these errors might be expected to arise purely from the nvegiaf pixel values in
the mapo?, and the error on N stacked measurements is then given/HyV. This
assumption is valid for the radio images, so it is sufficienuse the RMS values
at the corresponding positions on the RMS map. In the MIP& datps, however,
pixel covariance provides a non-negligible contributionte error, so the RMS maps
are not sufficient. In order to measure the total random emoa measured flux, |

chose random positions in the sample region of the map aedtsdl those that fell
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Figure 2.3: Postage-stamp images of the stacked targets in (from lefgkd) 24m, 70um,
160um, 1.4 GHz, 610 MHz. The top row is the stacked full sample; otiogvs are the stacks
of redshift bins ZB0-ZB6 (from top to bottom) as describedhia text. Images are coloured by
flux in Jy pixel~! units (MIPS) andJy beam " units (radio), and colour scales are included below
each. Contours of [3, 5, 7, ... 19] times the pixel noise agrlaid. Each tile is a square 41 pixels
on a side, which correspondsto 49.2, 164, 328, 20.5 and édsBafor the five bands respectively.



Table 2.2: Summary of stacking results. Columns are as follows: (1)sReédbin; (2) median redshift; (3) number of objects in &ta@) Band; (5) Measured median
flux before clustering— ok—corrections; (6) Measureid noise (reduced by/N); (7) Signal-to-noise ratio; (8)-index for IR band after clustering correction and radio
k—correction; (9)Lo error ong; (10) Median flux afterk—corrections (using M51 template for MIPS and the measw(ed for radio); (11)1o error on corrected flux;
(12) Signal-to-noise ratio on fully corrected flux; (13)correctedy-index; (14)1o error onk—corrected,.

Bin  (z) N Band Smedr 1Y *o,pdy S/N  q  +o  Seopr, pdy Lo,y S/N  q.  +o

H @ 6 @ () (6) 7 ®) (9 (10) 11) (12) (d3) (14)

ALL 0.73 3172 24um 146.1 1.3 1144 1.03 0.02 178.1 3.1 57.2910.02
70um 1037.1 21.9 474 191 0.02 760.9 22.3 342 182 0.02
160um 8058.3 378.0 21.3 2.69 0.03 45984 3584 128 2.6 0.0
1.4 GHz 13.3 0.2 54.7 11.5 0.5 23.6

. 610 MHz 24.4 1.3 18.2 21.1 1.4 14.9

ZBO 0.21 528 24um 157.0 3.0 528 1.11 0.03 150.3 6.8 221 1163 0
70um 1437.0 51.7 27.8 2.09 0.03 10754 64.2 16.8 2.00 0.03
160um 8574.0 887.2 9.7 281 0.06 5579.4 876.6 6.4 2.72 0.06
1.4 GHz 11.2 0.6 19.8 10.7 0.7 16.1

. 610 MHz 20.7 3.1 6.6 19.7 3.1 6.4

ZB1 0.53 529 24um 111.7 2.9 38.1 0.97 0.05 135.1 5.2 26.2 1.105 0
70um 1037.3 50.4 206 1.96 0.05 731.8 55.8 13.1 1.85 0.05
160um 6278.7 883.7 7.1 2.68 0.08 3851.7 801.1 48 257 0.08
1.4 GHz 12.2 0.6 21.9 10.4 1.0 10.9

. 610 MHz 20.6 3.1 6.7 17.7 3.0 5.9

ZB2 0.67 529 24um 117.5 3.0 39.7 0.99 0.06 132.9 6.3 21.0 1.166 O
70um 905.6 50.7 179 1.92 0.06 618.6 51.3 12.0 1.82 0.06
160um 6632.2 868.8 76 2.63 0.09 3160.5 698.1 45 2.53 0.09
1.4 GHz 11.8 0.6 21.1 9.4 11 8.6
610 MHz 18.8 3.1 6.0 14.9 2.9 5.1

uone|a1i0) olpey—paleljul-req ayl
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Table[Z2 continued

Bin () N Band Smeds WY Lo, pudy S/N g Lo Seopmpdy o, pdy S/N q  to

@ @ B @ ©) (6) N C) (10) (11) (d2) (d3) (14

ZB3 0.87 528 24um 134.5 3.0 446 1.11 0.07 148.8 7.1 209 1.267 O
70um 823.2 51.5 16.0 1.94 0.07 608.9 50.7 12.0 1.87 0.07
160um 5376.2 900.3 6.0 260 0.11 27744 658.4 42 253 0.11
1.4 GHz 11.0 0.6 19.3 8.2 1.3 6.5

. 610 MHz 17.0 3.2 54 12.6 3.0 4.2

ZB4 1.06 529 24um 98.8 2.9 33.8 0.90 0.07 132.8 5.5 24.1 1.1a7 0.
70um 676.5 49.9 13.6 1.77 0.07 578.2 48.8 11.8 1.75 0.07
160um 6549.6 853.9 7.7 2.66 0.09 4465.3 722.5 6.2 2.64 0.09
1.4 GHz 10.4 0.6 18.8 10.2 14 7.5

. 610 MHz 23.5 3.1 7.6 23.1 4.2 5.6

ZB5 1.29 264 24um 91.3 4.2 21.8 0.76 0.08 165.5 5.7 28.8 1.108 0.
70um 548.2 71.8 7.6 157 0.09 546.0 66.0 8.3 1.62 0.09
160um 6776.8 12242 55 256 0.11 5384.5 959.6 56 261 0.11
1.4 GHz 141 0.8 17.8 13.2 2.2 6.0

. 610 MHz 30.2 4.4 6.9 28.1 6.0 4.7

ZB6 1.61 265 24um 154.2 4.3 35.8 0.86 0.07 227.1 8.5 26.7 1.1a7 O
70um 479.3 73.8 6.5 1.38 0.10 591.5 67.2 8.8 152 0.10
160um 5932.7 12571 4.7 238 0.12 5839.8 960.9 6.1 252 0.12
1.4 GHz 15.1 0.8 18.4 17.7 2.7 6.4
610 MHz 39.7 4.5 8.8 46.6 8.6 5.4

0S
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Table 2.3: Information on the FIDEL and radio images. Measured tot@ewvalues represent the

1o error on a single flux measurement; for 24 this is the noise on a corrected aperture flux,
for 70 and 16Qum it is the noise on a corrected point source flux, and for thérads the noise

in a beam and does not include the integrated-flux correcBaickground levels are in the same
units, these are the values subtracted from the medianes@luxes. Errors on background fluxes
are standard errors from 1000 measurements as describedtinr§Z3H.

Band Pixel scale PSF/Beam FWHM Noise level Background level
arcsec arcsec uly uly

24 im 1.2 5.9 62 —37.60 £ 0.04

70m 4.0 18 1,200 +2.24+0.8

160um 8.0 40 20,000 +2,000 £ 10

1.4 GHz 0.5 2.8 x 1.5 8.83 —0.014 £+ 0.005

610 MHz 1.5 7.7 71.9 —0.01 £0.03

on empty regions of sky. This was tested by taking an apedfiradius 13 arcsec
(the radius for aperture photometry at;24) around each position and measuring
the standard deviation of pixel values in that aperturehéf aperture contained any
pixels that deviated from the aperture mean by more thas, then the position was
discarded. The positions were also required to be sepaaatkdot overlapping. Thus
positions were chosen to represent regions of empty skymnaitbources. The number

of positions used wad/ = 500, to roughly match the sample size of bins used for
stacking sources. For the 24 case, where aperture photometry was used, the fluxes
at the 500 positions were measured in exactly the same apagwvas used for source
photometry. The standard deviation of these sky fluxes wkeent#o represent the

random error on an individual aperture measurement.

Consistent results were obtained by stacking random slajazates of varying sizes
(ranging from/N = 10— 500), using 500 realisations of each to measure the noise from
the standard deviation. This confirmed that the noise inckstduces as/+/N, and

the distribution of flux values in the random catalogues wated to be Gaussian with
high certainty. All of this was repeated for the other two Imaps and also both
radio maps, using the central pixel for flux measurementesthis was the method
used for source photometry in those bands. The radio ertoesavere close to the
average value in the RMS map, confirming that pixel covasasmegligible. The
errors on individual measurements given in Tdhl@ 2.3 arileil/by /N to give the

errors on stacked fluxes.

In using the median to represent the fluxes\osources in some bin, we must also
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consider the width of the distribution of fluxes in that biri:this is larger than the
estimated measurement erfofN then the latter is a poor indicator of uncertainty
on the quoted median. For this reason | estimdiedincertainties on the median
following the method ol‘_G_Ole.t_a.l, 001). This method sorts th€ values in a bin,

assigning each a unique ranketween 0 and 1. In the limit of larg€, the expectation

value of thetrue median of the population sampled (s) = 0.5, and its standard
deviation iso, = (r? — (r)2)1/2 = 1/y/AN. If the measurement at rankis m(r),
then the median measurementi§0.5), which gives the expectation value of the true
median of the population sampled. The error on this expectatlue is then given by
the average of the measurements ato,

L _m(05+ 1/vV4N) — m(0.5 — 1/v/4N)
s 2 .

(2.2)

| compared this statistical error to the estimated measemeerror in each stack (the
value in Tabld 213 divided by/N). At 160um, 610 MHz and 1.4 GHz | found the
two to be about equal (see Tablel2.2), confirming that the ficore | have estimated
cover the distribution of fluxes in the bins. At 24 the uncertainty on the median
was around three times the size of the estimated flux errdrat@Oum around twice
the size, indicating that in these bands the flux distrilvutioeach bin was somewhat
broader than the estimated errors allowed for. It is posshmt the method described
in preceding paragraphs systematically underestimagesdise in these images, as a
result of the constraints used to identify empty “sky” apegs. Those constraints were
designed to distinguish true read-noise on the detector émnfusion noise in the sky,
but the 24um image in particular is highly confused, meaning that thest@ints
could lead to correlation in the empty apertures stacked,i@erease the chance of
underestimating the noise. For the analysis of stackedtselstherefore quote the
uncertainties on the median following l]h.ﬂetla.l] 001) method.

2.3.4 Background Subtraction and Clustering Analysis

A similar methodology to the random error analysis was useghéasure the back-
ground value to be subtracted. The method described abooseb empty apertures

containing just sky, which is simplistically what needs ® subtracted before per-
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forming aperture photometry, but in the case of MIPS the doathon of high source
density and low resolution require that source confusiaalge accounted for. When
stacking, the random boosting of fluxes on individual sosiwe# average out to a con-
stant correction that can be included in the background.ckelevhen measuring the
background for subtraction, a catalogue of random positveere chosen and stacked,
without any criteria on the existence or otherwise of sogidese to these random
positions. On average the random catalogue should coinditthesources with the
same probability as the source catalogue does, assumirgptiraes are not clustered.
Stacks of 3500 random positions (to match the sample sizkeo$durce catalogue)
were made and repeated 1000 times in each of the three MIP&vandio maps.
The mean of the 1000 stacked fluxes was taken to be the backhr@lue, and the

standard error was taken to be the uncertainty; resultsiaea m TabldZB.

Any clustering of the sources in the catalogue would leacht;maereased probability
of confusion for a catalogue source compared with a randositipn, hence with

increased clustering the background subtraction beconoesasingly less effective.
In order to estimate the size of this effect we would ideakyed to understand the
correlation function of sources in each image on scaleslemélan the beam size.
This is not possible since it would be necessary to extrativitual sources from the
image at angular scales smaller than the size of a point souitherefore made the
assumption that the correlation of sources in the imagespgesoaimately the same as
that in the target catalogue. This may not fully account fanfasion if the sources
in the image are more clustered than the IRAC (cataloguejcssu but it does at
least remove the possibility of double-counting the fluxesamfused sources in the

catalogue.

| calculated the autocorrelation functidii(#) of positions in the catalogue, to estimate

the excess probability of a background source appearingadiasd from a target

source, compared with a random position. | usec 199B) estimator

which counts pairs within and between the daty énd random R) positions as a

function of annular radiué:

DD —-2DR+ RR

Wo.o(f) = RR

(2.3)

Results are shown in Figuke 2.4, which includes a fit by linegression given by
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Figure 2.4: Autocorrelation functio (9) of the SIMPLE catalogue. The dashed line is a power-
law fit with index -1.15. Error bars are twice the Poisson exras described in the text.

W (6) = 0.000269 6~115, wheref is in degrees. By dividing the region into four egaul
guadrants and comparing the scatter between results in idacimd that the standard
error was a factor 2.0 larger than the simplistic Poissoorsrr therefore quote error

bars on all correlation functions of twice the Poisson error

The strong clustering implies a significant correction te theasured fluxes from
stacking catalogue sources, as a result of the significarttgased likelihood of con-
fusion with a nearby source at a catalogue position in coisparto a random po-
sition. The correction must account for the flux contribntioom any background
sources separated by some angular distérfoem the target. This contribution, as a
fraction of the average source flux, is given by a convoluabthe correlation func-
tion W (0) with the beam profile for the corresponding band (assumed Bdussian,
exp(—6?/20?), with o =FWHM/(2v/21n2)), scaled by the number density of back-
ground sources:
F=n / h W (0)e= /2" 2706 (2.4)

0

(e.g..Serjeangt all Z(XHL). This equation gives the average contribution of ueed
sources to a measured flux, hence a correction factoy (@f+ £') must be applied to

stacked fluxes.

For the 24um case a slightly different convolution must be used becapsetare
photometry is used. The contribution of a background soto@flux measurement

then depends not only on where it falls on the beam profilephutow much of its
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beam falls within the aperture. | computed the convolutibthe 24,m PRF (from
XFLS; see Section2.3.2) with the 13-arcsec radius apetimugve a curve of growth
which represents the contribution of a background sourtleg@perture as a function

of angular separatioft This function is then substituted for the Gaussian bearfil@ro
in equation[(ZH).

This method corrects a stacked flux using the average pidlgadfi confusion from
another source at separatiénscaled by the amount of flux expected from a distance
6 from the centre of the beam. When correcting stacks of idd& redshift bins, we
must assume the same level of clustering in each bin if weoared the autocorrelation
of the full catalogue. To account for the probability of casibn of a target from a par-
ticular redshift range, while accounting for the contribatfrom background sources
at all redshifts, we must consider the cross-correlatiothefsources in the particu-
lar range (the “data” centreg)) with the full catalogue (the “reference” centrds,

see Figuré_2]5). A modification of th lay (1993)hod was used to

calculate the cross-correlation functioin, z(¢), given by

DE—-2DR+ RR
RR

The robustness of the results was tested by checking a¢fansiethod of Masjedst al

Wp e(0) =

(2.5)

006), which gave indistinguishable results.

Thus | calculated the average, across all the data cenfrédss excess probability of
confusion with any of the reference centres. The corredtastacked flux was then
calculated in the same way as described above, u§ing in equation[[ZK). It should
be noted that using this estimate of the fractional contidiouinvolves the implicit
assumption that the average flux of background sources & tmthe average stacked
flux. Since we can only correct for confusion with catalogaarses by this method

(i.e. to avoid double-counting) this is a reasonable assiomp

| calculated the corrections for three redshift ranges lmpging the bins in pairs as
shown in TabldZ]4. Errors in the table were calculated ustagdard formulae for
the propagation of errors, with the error barsionp x(0) as shown in Figure2.5. The
results in the table show that the FIR bands require significarrections for confusion
due to their poor resolution, while the radio images havéaently high resolution

for the confusion to be negligible. The 166 band has the lowest resolution and
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Figure 2.5: Comparing cross-correlation functions of three redshifiges D) with the reference
catalogue E) being the full SIMPLE catalogue: (&/p, z(0) whereD is the subset 0.0 < z <
0.6; (b) Wp g (0) whereD is the subset i0.6 < z < 1.0; (¢) Wp,g(0) whereD is the subset in
1.0 < z < 2.0. On each of (a)-(c) the black line shows the fit to the autatation function of the
full catalogue for comparison. Error bars are twice the ®miserrors, as described in the text. The
power-law fits to the four functions are shown in (d), where stope has been fixed by the fit to
the full catalogue.

therefore the greatest confusion, but theu24band also s