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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_(_ljub_t“gl&”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 provenpirarguments relating to

helium and isotopic abundance 1964;

Wagoner, Fowler & Hovlé 1967) and the temperature and ipgtad the cosmic mi-
crowave background (CMB: Alpher & Herman 1948: Penzias &SWH.l&QE: Dicke
et al.[196%; and see Figufe_l.1). The question of whether the Useveras fated to

continue expanding, or contract back to a final singularégained unanswered until
observations of distant supernovae finally proved that ¥pamsion of the Universe
is accelerating (Riesst al 19_9_13 Schmidet al | Perlmutteet al 19.&4); and see

also_Efﬁlatho.u._Sulh.eda.n.d&_Ma.dAIQx_UQO). The unknownie®of 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.qg. Ostriker & Pee-

ble 3), which is inferred from several independent olad®nal results. These in-
clude the velocity dispersion of galaxies in cluste_Ls_(Zsa]iI!L‘iS;%), which are related
to the total cluster mass by the virial theorem (under dyeafrequilibrium; Edding-

ton 5). The subsequent discovery of hot, X-ray emittiag iggservoirs in clusters
11972; Gurskyet all1972;| Kellogget ali|19738) accounted for some of

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

galaxies provided independent evidence for additionasibke massl(Babcolk 1939;
Bosmal 1978} Rubin, & Thonn Y80), as did the vertiwations of stars in
the Galactic disk (Odrt 1932). Modified theories of graviﬂayg(.MlIgmu“_lQ_&S) may

also explain these observations; however they cannot iexgtavitational lensing (a

prediction of general relativity; Einstein 1916), in whitght from distant galaxies

and quasars is magnified by a large foreground mass thatdsc<tdee mass of visible
matter in the line of sight. This is elegantly demonstratgdhe case of the bullet

cluster, in which the mass responsible for lensing mustieesi between two galaxy

clusters, as if they have undergone a dissipational coli 2006; Angus
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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 emission
and the Erirr ary dipole caused by the motion of the Earth. T$modery of the CMB by Penzias &

Wilson

E) was one of the most significant observatiorisérhistory of astronomy: its very ex-

istence, its blackbody spectrum, temperature and isotagmyfirm the predictions of the big bang
theor ); and subsequent measurements of the power spectriampérature

maijter and radiation decoupled, this is the first light thas$ possible to detect. The deviations
fror a perfect isotiopic blackbody are tiny: temperaturisa@nopies are shown here on a scale of

+2

early Universe, which were the seeds for the dark matterdeasities and the eventual growth of

larde-scale structure. Credit: NASA / WMAP Science Team.

et al.2007). The fact that dark matter does not appear to interdlotwigible matter

or radiation (except via gravity) implies that it is non-anic in nature, and consists

of some yet unidentified fundamental particle. The curyefaloured candidate is

a weakly interacting massive particle (WII\/‘E'_Ee_e

(D)

Bertond 201/0).

The overarching cosmolog

les 132 a recent review by

ical paradigm which combinesetitiesories is Lambda—

Cold Dark Matter ACDM,;

Ostriker & Steinhar

5). This model describes a

spatially flat universe with energy density dominated byrapipmnately 73 per cent

dark energy, interpreted as the cosmological constant2a@mukr cent cold dark mat-

ter (CDM), with baryonic matter making up most of the rem&ndACDM is ex-

tremely well tested by independent observations includingernova-calibrated dis-
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tances [(Ries&t all J_%_Js; Schmidtet al 199_43; Perlmutteet all 11999), CMB fluc-

tuations (Komatsiet all[2011;
oscillations (BAOs|_Eisensteiet all 2005;| Blakeet all[2011;| Andersoret all2012),

011c), baryonic acoustic

the power spectrum of galaxy clustering in large opticaveys 12004,

Coleet alli2005; etc) and that of dark matter from weak lens EL@TQIB; and

references therein). A detailed, up-to-date review of duhmniques may be found in
(2010).

1.1.2 The Era of Galaxies

Once the expanding Universe had cooled sufficiently, atoagsub to form out of the
primordial plasma. This “recombination” occurred a fé9v years after the Big Bang
(z ~ 1100), at a time when perturbations in the dark matter distrioutiad already

grown large enough for the baryonic matter to collect in geavnal potential wells

(see e.gl_Rowan-Robinson 2004; Mo, van den Bosch & White/R0Tbese over-

densities grew into the seeds for the galaxies and larde-staucture which were

assembled over the ensuing 13.7 billion years (Fig@SﬂIEELeSS_&_S.Qh.&QhLer
1974;IWhite & Ree$s 1978). In the first proto-galaxies, smialinps of gas became

dense and cool enough for gravity to overcome the stahjliinces and for nuclear

fusion to begin in the collapsing cores (Toormre 1977; WhitR&es 1978). Thus stars

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 reionisatiorhefihtergalactic gas (occur-

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

Rowan-Robinson 2004; Appletai alli2009).

Numerical N-body simulations (Figukel.4) show that grawitnally-interacting dark
matter develops structures hierarchically, with smalbkal coalescing to assemble
larger structures, culminating in the cosmic web of clustélaments and voids seen

in the present-day Universe (Figuirell.5: Dagf 198*' Colberceet al OO(L; Evrard

et al. 2;LSpringekt alli200%). However, luminous (baryonic) matter interacts in

more complicated ways that are impossible to model praciseld a class of mod-
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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.

els known as semi-analytical models (SAMSs) has arisen inttemat to address this

shortfall (e.gl Colest alli1994, 2000; Baugh, Cole & Frenk 1996; de L uetall2006).

An example of the complex evolution of baryons is that gaaxappear to have as-
sembled anti-hierarchically. This is evident from the siengbservation that the most
massive galaxies in the present day contain the oldest(stapyvenst alli2004; Gal-
lazziet al.l2005%; Panteet alli2007), and from high-redshift observations showing that
the massive galaxy population was largely in placezby 1, about six billion years
after the Big Banal(Dickinsopt al.2003: Bundy, Ellis & Conselice 2005; Conselice
et al.2007;| Pérez-Gonzale#t all2008). Such a top-down formation scenario is also
supported by observations of star-formation rates (SFRakipg at earlier times in
more massive galaxies (Cowet all11996;| Kodameaet all 2004;|Baueret al.[2005;
Feulneret all 200%;|Bundyet all 2006;/Chenet all 2009). Analogies in the rela-

tionship between metallicifiyand stellar mass in elliptical galaxies have been cited as

1j.e. the relative abundance of heavy elements, measunertfr® spectral features of N, O, Mg, Fe,
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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
taken fro@@& Figure 2).

additional evidence for earlier formation times for moressige galaxies (Worthey,
Faber & Gonzalez 1992; cil ‘Mh@;(ml) while the differential
evolution of metallicity with redshift in galaxies of diffent masses corroborates such

an interpretation_(Savagliet all2005;| Erbet all2006; Maiolinoet al 20_0_43). These

various pieces of evidence for anti-hierarchical galaxyation are known by the um-

brella term of “downsizing”l(Cowiet alli1996); a comprehensive review is given by

Fontanotet all ( ).

The diversity of galaxy morphologies, from elliptical toiigh and irregular types (see
below), and particularly the abundance of thin spiral disksdifficult to reconcile

with models, in which galaxies undergo major mergers whiestry thin disks and

transform galaxies into ellipticals (Toorre 197 7: Navakrd/hite 11994 Steinmetz &

Navarro 2002; Puecht ali|2012). Another problem is that N-body simulations pre-

dict a far greater number of low-mass haloes that shouldagoigalaxies, compared

etc. either in the atmospheres of stars (as absorptior) kanés interstellar gas (as emission lines).
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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 frérta S8AM of|Crotonet 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.

to the number of low-mass galaxies actually observed (Eiu®;

AAth.Le_&_ELe.er

1991;Kauffmann, Guiderdoni & Wh 9|4' Bauigh 2006). Tieblem is mani-

fested in the relatively small number of satellite galaxabserved in the local group,

compared with the substructure seen in simulated galaataeb

(Mooreet al

1999;

Kuhlenet al 20_0_43 Springeeét al 209_43). The models also tend to predict too many ex-

tremely high-mass galaxies, due to overly efficient coobhthe gas (see e.g. Benson

et al.l200! ;_B.a.udt 2006). Stars can only form from cold gas, so iermt@ reconcile

the simulations with observations, modellers have progpaosgative feedback sce-

narios which stifle star formation either by heating or byedkpg the in-falling gas

White & Frenk 1991 Colet alll1994] Bensort alil2003). 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
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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-Ill (Aiha&t al.i2011), showing how the distribution of
galaxies at low redshifts(< 0.14) probes the large-scale structure of dark matter (c.f.ielda).
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.

centre of each galaxy, which drive off the inflowing cold gagalactic super-winds
(“quasar-mode feedback”; Di Matteo, Springel & Hernqui802) or by mechanical
heating (“radio-mode” feedback; Crotat al. 2006). Such a scenario is not possi-
ble in the lower mass galaxies, whose AGN would not be poweriough, but their
numbers can be suppressed by supernova-driven feedbat¢keareginoval of gas via
ram-pressure and tidal stripping (Bullock, Kravtsov & Wesngl 2000 Bensoat all
2002; Somerville 2002). With the addition of feedback priggions of this kind, the
distribution of galaxy properties predicted by SAMs canroglce the observations

with high fidelity (e.g/ Boweet all2006; de Luciget alli2006).
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Figure 1.6: K-band luminosity functions of galaxies (number per unit miagle per unit volume
as a function of absolute magnitude) comparing data Wlthetm(dzlgure taken fro

; Figure 1). Data are from Cod¢ a i ; squares); Huang
et al. 3, stars). Lines show the results of the GALFORM SAM (db1) with fixed halo
mass-to-light ratio; (Model 2) including a gas cooling mrgstion; (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 #udition 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 focuthaf thesis. A fundamental
observation regarding the nature of galaxies is the binitydzfithe population, which
is noticeable in many different properties. One of the masiaus of these is the vi-
sual morphologies, which break down into two broad categoerispirals and ellipticals

— encompassing many sub-catagories, most notably theathisto barred and non-

barred spirals. This was first formalisedlby Hubble (1926) ansequence of classifi-

cations ranging from “early-type” ellipticals to “lategg” spirals, famously depicted

in the “tuning fork” diagram 36). Hubble chose tliens “early” and “late”
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Figure 1.7: Optical spectraj600 < A < 7200 ,&) of typical nearby galaxies of various morpholog-
ical types (from left-right, top-bottom: elliptical, egrtype spiral, late-type spiral, irregular) fgom
|Eéﬁf3)igi]i|[ ). The early-type galaxies have generatjder spectra, with a strong 4080
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).

to emphasise a continuous trend of increasing complexes

tt

2 1926), and they

bear no relation to any evolutionary sequence. Variousrat®es, extensions and re-

visions to Hubble’s scheme have emerged over the years ¢émactor the increasing

diversity of galaxies revealed by improved observati

1958: de VVaucoulelrs

195¢
201

19717

Jan_d.en_B_eJ\

h 1¢

~

76; Kormendy & Be

96 Wa]

). Yet all of these schemes retain the fundamental essgtiubble’s tuning fork,

especially the two broad classes which encompass the vastityaf bright galaxies.

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

the signatures of hot ionised gas heated by young starsr@figil), and they have blue

broadband colours due to their light being dominated by simisfrom young stars

(Figurel 8. This contrasts with the red colours and lackwitsion lines in early-type
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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 Malmquistﬂ)iﬂght). 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 (séenfEB). Figure taken from Mo,
van den Bosch & WhiteL(TQllO; Figure 2.27).

galaxies (ETGs; types E+S0), which indicate a more quiggogpulation devoid of

youn]g stars or any trace of recent star-forming activityd&os| 1963; Kennicutt &

Kentl1983) Sandage 1986). Spiral galaxies are also geyeicdier in interstellar gas

and dust compared to ellipticals, supporting the idea tiaietolved ellipticals have
exhausted (or expelled) their gas supply, and the formatioew stars to produce dust

has dried up (see reviews by Soifefrall [1987;|Roberts & Haynes 1 9|4_'_|§anu_i_:utt
19984).

1

Galaxies grow as they gradually turn gas into stars, but dlethat many massive
galaxies are passive shows that the star formation doenthae 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 wiede there must be some

process to stop it cooling and accreting (Fukugita, HoganelRes 1998; see also
discussion in Section 1.1.2). Likewise it is clear that gea which do contain cold

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

must occur (e.d. Kennictltt 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 betvgadaxy environment and

colour (Butcher & Oemlér 1984; Pimbblet al. 2002), morphologyl (Dresslér 1980;

Postman & Geller 195!34), and SFR (Leweisall2002). On the other hand, galaxy evo-

lution could depend on secular galaxy properties or prasgsand this is supported
by observations of general correlations or scaling retatihich are independent of

environment. Examples include the Tully-Fisher relatietween disk luminosity and

rotational velocity|(Tully & Fisher 1977); the Fundamenrdne relating the velocity

dispersion, central surface brightness, and effectivieisaaf elliptical galaxies (Faber
& Jacksor 1976; Djorgovski & Da 5_1918|7 Dresskirall|1987); and the Schmidt-

Kennicutt (SK) law relating SFR surface density to gas srfdensity idt 1959;

b; see Chapfdr 4). Tight correlations ex@sivieen the mass of the cen-
tral SMBH and the mass or velocity dispersion of the bulge ghkaxy (Magorrian
et al.m;ﬁmhamﬂ_al, 000), indicating a link between galaxy formation and the
growth of the SMBH. On the other hand, the Fundamental MeiigiIRelation linking

stellar mass, gas-phase metallicity and SFR in star-fayroalaxies (SFGs; Tremonti

et al.2004; Mannuccet alll2010), has been shown in recent work to vary between the
centres and outskirts of cIusteB_(.EetLQpQuIQLLMlQh.em&Sias;EaLa.n{o_zou).

The feedback scenarios described in earlier paragraphsdprpossible means by

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

Mechanisms for direct environmental feedback on galaxiekide tidal interactions

between galaxies and the cluster environnlenL()AthLa& Rﬁﬁé amon 1992), and

“stranqgulation” or “stripping” of gas from in-falling st galaxies in clusters (Gunn &
GottIZiZl_Zl E:r:;:tzgijiu[ 19/78; i )). These are sup-

ported by observational evidence that spirals are tramsddrinto lenticulars (type SO0)
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in clusters|(Dresslegt al.[1997; Fasanet all2000;| Moranet all2007). In addition,

both tidal interactions and mergers between individuadxjak can certainly have a

significant impact on the galaxies involved (e.g. Larson &sléy 1978; Condost al

1982; Keelet al.[1985) — the question therefore is whether such strong ictieres

(and their effects) are common enough to be important foptpulation as a whole,
in clusters and in the field (e. 009;de Ravedt all2011; Draper & Bal-

lantyne 2012, Tonnesen & 12). Overall, it appearsibt nature and nurture

have some influence on galaxy evolution, but the competiopifa are complex and
hard to disentangle. In this thesis | will investigate thiatienships between the ISM,
stellar populations and star formation in samples of gaks&t various redshifts, in

order to cast light on some of the factors determining ga&uofution.

1.2 Observing Star Formation in Galaxies

The study of galaxy evolution is for a large part concernethhe history of star
formation, since stars constitute perhaps the most impocdamponent of a galaxy.
They are not just the most readily observed component, bytdhive 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 (spectr O and B; see e.g. Carroll

& Ostlie 11996) with lifetimes< 10® years [(Kennicutt 1998a), hence they trace the
SFR averaged over that period of time. An alternative is tasuee nebular emission
lines in optical spectra: the Balmer lines of hydrogem (Hi3, etc), as well as ionised
metal lines such as [[QA3727, [O11]A5007 (see Figurd_1]7) are used to trace gas
in H1I regions, the bubbles of photo-ionised gas that form arobedhbttest OB stars
SlLo.mgI_eJILlB_C 9). These trace a slightly more instantas86&R because the stars that
emit ionising radiation have lifetimes ef 2 x 107 years I(Kennic J1_19_9_3a). Strictly
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speaking, all methods linked to OB stars trace only the ftionaate of massive stars.

More massive stars burn hotter (effective temperaturés, 000 K for O and B tﬁses),

so emit more ionising radiation; but they are much rarer.k@.m’.mlL&ﬂlei.e ).

Ultraviolet-emitting OB stars on the Main Sequence havesiag, > 3 M, although

only stars withMg, > 10 M, contribute significant ionising flux.

The conversion from these tracers to the total SFR therefepends on the relative
number of massive stars that form, which is determined bydikibution of initial
masses. The initial mass function (IMF) is generally balgvo be fairly constant

among different galaxies and galactic star-forming regi(see review by Bastian,

Covey & Meye 0), although understanding what contriodsd how much it can

vary is a topic of active researc i ver1J0Evidence has re-

cently begun to emerge that the IMF may vary as a function adsate-light ratio

Cappellariet all2012) or central velocity dispersion (Ferreetsal.2012) in ellipti-

cal galaxies (see also van Dokkum & Conroy 2010), while someéias have claimed

evidence of a variable IMF in globular clusters and ultraapact dwarfs around the

Milky Way (Kroupaet all2011] Dabringhausest all2012] Markset al.i2012). Clearly

the popular concept of a universal IMF remains a contenigsise.

One further issue with emission line tracers is that youagssare 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@tdare
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 higlshidts, as the H line
shifts into the near-infrared (NIR) at ~ 0.4, while other tracers such as [Qare

subject to uncertain dust extinction and variation with alegity (Jansen, Franx &

Fabrican . Kewley, Geller & Jansen 2004). The UV caniin is easily acces-
sible (redshifted into the rest-frame opticalzat~ 1 — 2 or NIR atz = 3) but can
require very large and uncertain corrections for dust efitin (see Sectioh1.3.2).

High-redshift Hx SFRs can be obtained from deep NIR spectroscopy, given long i
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tegration times on large ground-based telescopes.(e 006), or from grism

surveys utilising “slitless spectroscopy” (Pirzletlal.2004:| Ateket al 01&1; Nelson

et al.2012). Another successful technique is to use photomairieys in tunable

narrow-band filters to pick out &d emission at a specific redshift, which is a conve-

nient way to collect a large sample of SFGs in a known clusteexamplel(Lyet al

007;IKoyameet al.2010;  Sobrakt al.2012). A major issue with this technique is
that different lines are selected at different redshiftalsmgle narrow-band filter, so

alternative means must be used to confirm the redshifts aflijexts 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 gargé SFGs, especially at

high redshifts. The radio wavebands provide one such mettmich has been widely

exploited (Daddiet al. 2007b; lvisonet al.2007;| Sevmougt al ZO_O_AZ; Carilliet al
20_0_43; Dunneet all 2009a; Ibaret all 2010;lAshbyet all 2011;|Karimet all 2011).

They have the advantage of being accessible to ground-tfasiétles, unlike the IR
or X-ray (see below), and do not suffer from any extinctiomatallicity dependence,
unlike the UV continuum and optical (metal) emission linBadio continuum emis-
sion from SFGs originates from two main sources. The dontinoamponent at the
frequencies that are usually observed in this context ledGHz — see ChaptEl 2) is
synchrotron emission from cosmic-ray electrons (CRESs)¢kvare accelerated to rel-
ativistic velocities in shock fronts in expanding supermoemnants (SNRs) and subse-
guently travel through the galaxy’s magnetic field. A shako thermal component is
also present due to bremsstrahlung (free-free) radiatmn &lectrons in Hi regions,

but this becomes dominant only at high frequencies3(0GHz) and at 1.4 GHz only

comprisesv 10% of the radio fluxi(Condon 1992; 011 ).
Radio SFR estimators are calibrated to the IR 2 03), via the
ubiquitous far-infrared—radio correlation (FRC; @) This forms the

subject for Chaptelll2 and so | leave further discussion timgih. Suffice it to say
that the universality and tightness of this correlationvpes strong evidence for the

validity of the radio tracer. AGN are the chief source of @nination for radio SFRs:
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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
guasars/AGN can also significantly contaminate SFRs is suibde (Seymouet all
2009; Padovaret all2011).

X-ray fluxes can provide a further indirect measure of the SHRere 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. The effengss of the X-ray tracer

therefore depends on the relative contribution from theseces. Starburst galaxies

can be strong X-ray sources (Persic & Rephaeli 2002); how&@& are also strong

X-ray emitters, and the chief problem with the X-ray SFR érdees in identifying and
removing the AGN contamination. Nevertheless, X-ray SHRregors, calibrated to

the far-infrared (FIR), have been successfully tested &t hmw and high redshifts

( ; i i . J2004; Reddv & Steidel 2004; Lehmer
et al.2010; Symeanidist al 2011).

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 starsl/s.r = 8 M, (the only stars that produce these phenomena; Carroll

& Ostliel1996), which have lifetimes 107 years. The non-thermal radio emission is

additionally smeared out (both spatially and temporalgfhee relativistic CRESs travel
through the galaxy emitting synchrotron radiation oveetlihes of orderl(0® years

Condof11992).

Finally we come to the most important indirect SFR traceg, fR continuum, upon
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which both X-ray and radio methods are calibrated. The IRsuess the emission
from interstellar dust. Since this forms the basis of thesithel 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 abs@adhation at optical and UV

wavelengths 'r 1930; Ist Qgﬁ;ﬁ_qn_&mn_uﬁlﬂgf; also see

Figure[1®). 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-,s;Ii_eLe_ns_&_ALLam;ﬁAI_]_QB_Z : Drainet al

007; Draine & Lil2007). The dust is traditionally thoughtftom 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 sequeAddIZmeasured from
when they join the main sequence) ages of such stars vanebetw 107 yr (8 M)

and~ 10%yr (1 M; ICarroll & Ostli

1995). For dust to be produced, stars must

first form heavy elements (metals) through a chain of a nucleactions beginning
with the triple-alpha process and the CNO cycle. In the formigh temperature and
pressure in the cores of stars allow thteke nuclei to combine to forn?C. This catal-
yses the CNO cycle, which produces nitrogen and oxygen franmon and hydrogen,
and further catalyses the synthesis of all elements ligh@®°Fe. The combina-
tion of high densities{ 10! m~3) and relatively low temperatures-(1000 K) in the
envelopes of RGB and AGB stars allows for metals to soliditp igrains, which are
either carbonaceous or silicate-based, depending on estbiistar is carbon-rich (i.e.
a carbon star) or oxygen-rich. Radiation pressure carnegtains out in the stellar
wind as they cool and enter the ISM_Mtht et 2003). It is alssgible for dust to
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form in the remnants of type Il supernovae, the end-points 6fM, stars, although

the yields are highly uncertain_(Rhei _al | Dunneet all 20094 Gomezt al
2009;

LLakicevicet al

‘I Matsuuraet all 201

L Fallestet alll201;

Barlowet all 201

2011;/ Temimet alll2012). Dust can be formed in other phases of stellar evaiutio

which involve rapid mass loss, including type la supernowagae, Wolf-Rayet stars,
and planetary nebulae, although these mechanisms arehthtmube comparatively

less importan ff 2010; Gall, Hjorth & Anderserd 2 2012a;

Nozawaet al 1). Once formed, grains can grow in the ISM if the condgiare

right for them to acquire mantles of ices, which provide as$tdte for metals to con-
dense out of the ISM and adsorb onto the grain (Tielens & Adladols 1987 a; Blain

et al.2004). The relative importance of all these formation/gfomodes is a topic of

active research, but there is growing evidence that dust baugroduced very rapidly

by multiple mechanisms, for example from observations eldéinge masses of dust al-

ready present at high redshifts (e.g. Gall, Hjorth & Andei2e11) Michalowsket al

2011). In particular, the first dust produced in the earlyvydrse must come from

short-lived stars (agel Gyr; mass>3 M) which have had time to form, produce

metals, and lose mass through post-main-sequence stéllds or supernovae, within

the age of the Universe at> 6 (Gall, Hjorth & Andersem 2011).w

Dust can also be destroyed in the ISM. The main processeseftrudtion are sput-

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

ments) and shock waves from superno | I ;IMelens & Alla-
mandol CLAALhJthLt 2003; Blaet alll2004). Dust may even be removed by out-

flows if it is coupled to the gas which is removed by feedbadcpsses as described

in SectionC.TI3. As a result, dust has a finite lifetime in Exa and old “red and
dead” galaxies are not generally expected to contain lamgsuats of dust. There is

however accumulating evidence for significant dust massearily-type/red-sequence

/: Rowlands

detail in Chaptefl3.
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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).

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 thesegses leads to an extinction
curve as a function of frequency that is dominated by a pasglope and a strong
absorption feature centred at 21X % the Milky Way (Figure 1.1D), although the form
can vary from one galaxy to anoth Ammw&ﬁmw&i 4). The

slope leads to the observed reddening of optical light, wis®ften quantified by the

v

difference in attenuation in thB andV bands:E(B — V) = Ag — Ay. This results
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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(/Ny) increases strongly from the optical on the
left to the far-UV on the right. The inset shows extinctiorttie MIR-NIR. Particular absorption
features are labelled; the exact species responsibleéd?llﬂS& feature has not been identified.

Image fronmmx Figure 21.1).

from the dependence of both absorption and scatteringesifics witha/\ (the ratio
of grain size to wavelength). Sizes range betweer A and ~ 1 pm, while the
wavelengths of interest range from 1000 A (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_Dl:ainle (2011).

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

fluxes, which observers must correct fora#dased SFRs can be corrected using line

ratios to determine the amount of reddening Je.g__C.a.Izﬁnn.e;L&Slo.LQhJ_B_ﬂgma[n

1994), while UV-based SFRs can be corrected using the UVeslopestimate the
tti 1999; Koepall 2004). Without this in-

formation about the amount of UV light that is obscured bytdiigs impossible to

D

reddening (Meurer, Heckman & Calz

reliably estimate SFRs. The obscuration can be very higlegsilust tends to exist in

the regions of galaxies where the star formation is oc 11998;

00

;LKonget all2004; Buatet all2005; Cortesest all 2006,

). Itis therefore helpful to complement measuremefrtteedJV light that escapes

a galaxy (from unobscured star-forming regions or dust-hrees of sight) with direct
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observations of the light that has been obscured by duss i¥lmossible because the
energy that the dust particles absorb is re-emitted as #i@ontinuum radiation, with
characteristic blackbody temperatures on the order of dééh&lvin. This emission
from dust peaks in the FIR at around 10@, and can constitute a large fraction of
the total energy released by an SFG (ag..Aam.ns.o.n.&Ql&z'MMﬂJ; de Jongt al
1984 Soiferet alli1984; Houcket alli1985).

Early IR observations in the 1980's revealed that dust exisa number of different

phases of the ISM (e.E; t jzzijll 1984;|Heloll 1986; Lonsdale 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#is&cahd PAHs, with a range
of grain sizes, have been highly successful at reprodutiagbservations. Notable
examples include the models lof Draine & | ee (1984); Deseoul@nger & Puget
)} Silvaet al 19943)' Charlot & Falli(2000): Dale & Hel \L_@@_and Draide

Li (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:%W (1.1)

(Whereo ~ 5.67 x 1078Wm 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 asdgropulation of bright
stars and therefore is warmer than dust in more quiescemingg 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 ISMIIS@mnal heating is only

important in hot dense plasma, such as shock-heated gasis, Bt is not important

in the ISM (Draing 2011). A consequence of this that the dsigfenerally cold in
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the hot gas phase (interstellan ldnd Hil 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 sts@idrom the ISRF.

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

1

B,(T) = 2h/*
(T) g exp(hv/kT) — 1

(1.2)

The power output of a real emitter is modified bf an efficierayynt, known as the

emissivity, which is a function of wavelength (e ). In the case of FIR-
emitting dust, the grain size is much smaller than the wangle which leads to a

simple relation for emissivity as a function of wavelengtlirequency:

ker o< A7 oc 1P, (1.3)

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

metals and crystalline dielectric substanc ' 198"t.‘AALI1iJJet

20038). This value is supported by observations of intdestelust in the Milky Way
and other galaxies (Reac all 11995;|Boulangeet all [1996;.Sodrosket all[1997;
Bianchi, Davies & Alton 1999; Paradis, Bernard & Mény AQ(m)d recent estimates

from thePlanckspace mission.(Planck Collaboratienalil2011a) indicate an average
value of 3 = 1.8 (with a small dispersior- 0.2) for MiII]vIWay dust in both dense and

diffuse environments ' 011€&)t.9).

The spectrum of thermal emission is therefore describedrypdified blackbody, or
greybody function:
S,(T) = v° B,(T) (1.4)

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

5 1
A ~ 3000 15

Whittet|2003). It is useful at this stage to introduce thecapt of the spectral energy

distribution (SED), i.e. the distribution of the radiatigaergy output of a galaxy as a
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Figure 1.11: Model SED of a typical SFG, froin_.da Cunha, Charlot & Flbaz @00The unat-
tenuated starlight, shown in cyan, is absorbed by two compisrof dust: 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 tinitsA\L, 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 occutisairdy/ 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 cirrusibedtis 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@87€ 5).

function of wavelength or frequency. Figure1.11 shows tE® ®f a typical SFG,
showing the attenuation of UV/optical starlight by dustj] ae-emission of the energy
at IR wavelengths. The emissionjat> 20 ym is dominated by two thermal compo-
nents at different temperatures, one of which represengsifyvdust surrounding the
molecular gas clouds from which stars and star clusters.fdfriinere is a sufficient

level of dust-enshrouded star formation then the FIR lusityawvill be dominated by

this warm component, which has temperature® of 40 — 50K (e.g..Dunne & Eales
00’

;.Sajinaet alli2006; Dyeet all 2007;|Pascalet al.2009). However, emission

from a “cold” component ai” ~ 20 — 30 K becomes increasingly dominant at longer
wavelengths. This cold dust exists in diffuse clouds (a)rinroughout the galactic
disk, and is associated with the atomic gas phasg. (While the warm dust can dom-

inate the bolometric luminosity in a high-SFR galaxy, thilatust has been shown to

contain most of the dust mass in many anaJies (Dunne & E#&6%:2Sauvage, Tuffs
& Popescu 2005; Drainet alli2007).
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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. &_EIJQE_A,__RQ_Q[]BI 1991; Lutzet al 199_43;

d 1999; also see Figurell.Ptgviously 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 si#ieditsorption trough at 9uin
(also shown in Figurmlﬁmmge_&_Malfllingmtneﬁaoo

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 — 500 K by the absorption of individual

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

time-scales of order minutes to hours as they absorb eneygyghotons 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

ley, Neugebauer & Soif

et al.l2001; IZO_QJJ). The MIR spectra of AGN appear as a power-law due
to the range of dust temperatures contributing to the cantm and PAH emission

features are generally absent because those moleculesstreyeéd by the high tem-
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peratures/(Rochet alll1991; Lutzet al J_%_Js 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%&DW 987: Buat & Xu 1996: Keuti 199815_1 Calzetti

et al. MIB) This is dependent on the assumption of a particular
IMF, as with all observational SFR tracers (see Se¢fidn TB¢ FIR can be combined
with an unobscured SFR tracer such as UV arfliix (e.g.Kennicutet al M), but

it is often used as the sole tracer, assuming that all of thdight from young stars
has been absorbed and re-emitted by dust. In the most IRMwBISFGs, where most
of the bolometric emission emerges in the FIR, this is a nealsle assumption, but
in normal SFGs a significant fraction of the UV light escapéheowut being absorbed
KED.D.LC.UIM.lQ.QE ;. Bell 2003; Kennicugt alli2009). On the other hand, the fraction of
star formation that is obscured, traced by the IR/UV rat@eglincrease with redshift
uptoz ~ 1 (Il_e_EI_Q_c_h_e_t_a.l 00%:|Buatet all 2009:| Cucciatiet all 2012: see also

Figure[L.IP) as well as with SFR_(Calzetti 2 )_'L_I:LQ_p_Imﬁd 001; Afonsoet al

001 |.C.QLL%.QL&[ZOD.43 Buatet al ZODJ)).

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

standing of galaxy evolution through star formation. Dueh® opacity of the atmo-
sphere at wavelengths greater than.i#é(and in much of the spectrum between 1 and
14,m) it is necessary to use space observatories to observe MIReand FIR. In
1983 NASA launched thinfrared Astronomical SatellitdRAS, which mapped over
96 per cent of the sky at 12, 25, 60 and 106 over its 10-month mission (Neugebauer

et al.l1984; Soiferet alll1987). The legacy of this survey can hardly be overestimated
since it led to a truly vast improvement of our understandhgtar formation and

dust in galaxies, a research area which has only grown oeepdit three decades.
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IRAS made possible the discovery of high levels of dust-enshedwslar formation

in about 24,000 nearby galaxies and distant quasars (alatfubfrvwhich were pre-

viously unknownj Soifeet all [1987; 2 1989). This included the

discovery of a new class of SFGs which emit most of their pawehe FIR (Houck

etal. 198",_SQJIQLJN_aug_ehau.eL&_HQLI4LkJJ)87), dubbed luminousdiRxges (LIRGs;

defined as havind.s_1000 .m > 10" L) and ultra-luminous IR galaxies (ULIRGS;

Lg_1000sm > 10'2Lg). Following the launch of ESA4nfrared Space Observatory
(ISO, launched 1995 Kesslat all[1996), MIR spectroscopy (Genzet al ;

Lutz et al 199.43) together with multi-wavelength foIIow-LlD_(.S.a.mieLM&a.b.e 1996)

revealed these to be mostly post-merger systems undergatrgme star-formation

episodes (starbursts), which are fueled by cold gas fallit@the nucleus during the

interaction.

The Spitzer Space Telescoflaunched by NASA in 2003;_ Wernest all2004) 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 ArrayYBE; Holland et al

1999) and the Max Planck Millimeter Bolometer Array (MAM Blrevsaet al 1992!3).

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 (e.g__B_a.Lm_la.llBB_J%,_tlugheﬂt_al,mQ_Js Ealet al

19991 Lonsdalet alil2003), 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 > 101 M, [2003), and

was formed in a relatively short time betweer- 3 and 1, a timespan of 3 — 4 Gyr
;1 Bundyet all2006; see also Secti@n111.2). The early Universe

must therefore have seen much more rapid star formationsh@turing today. Lilly

Dickinsonet al.i200:

et al. 419915) and Madaet al. (1996) were the first to chart the cosmic star-formation
history (CSFH) back to high redshifts, using photometrthtéques to estimate the
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Figure 1.12: Evolution of the comoving IR energy density, or CSFH, upte 1, from Le Floc’h

et a|.7@). The total energy density of Spitzer;24 sources is shown by the green region, while
the contribution from low-luminosity galaxies is shown ilue, from LIRGS in orange, and from
ULIRGs in red. The solid line indicates the best fit evolutionfunctionoc (1 + 2)3°. The IR
luminosity density can be interpreted as the obscured SFHRitggscaled on the right-hand axis).
For comparison, the dashed line indicates the unobscurd&fasured from the uncorrected UV
luminosity density, and the dotted line is the sum of the absd and unobscured SFR; note that
the unobscured represents roughly a third of the total SER=ab but only about 15% at = 1. At

z = 0 the IR luminosity density and SFR are dominated by low-lusity galaxies, but at = 1

they are dominated by LIRGs. The figure is taken fiom Le Fl@t'all ; Figure 14). Data for

the CSFH are from (dust-corrected) UVpHIR, and radio surve ; Tresse

& Maddox )L Treveet almm Cowie, Songaila & BargéE (1999);
] i X i ; Condon, Cotton &

Broderick (2002) (2002)]Serjeant. Gruppioni & Oliver (2002); Tresseall (2002);
Wilson et all (2002)] Pérez-Gonz? 2003)iPozzet all (2004).

evolution in the UV/optical luminosity density (see Figlltd2). The CSFH undergoes
a strong increase with look-back time upzoe- 2, which is mirrored by a significant
increase in the density of LIRGS and ULIRGs from the localvénse toz ~ 2 — 3

indicating that these extremely luminous systems coristdn important phase in the

formation of the most massive galaxies Captial. 2006;| Daddiet all 2007b;

Clementset al 209_43 Gonzaleet alli2011; Hi 2012).

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 FigurEZ111), since light at shortaver
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-héglshift galaxies in deep

optical/NIR surveys/(Steidel & Hamiltdn 1993; Madau 199fei 111996), but

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

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

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. equatiof.(1.4)]:
S, o y#A), (1.6)

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

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

example] Blairet ali[2002). 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, Ivison & Blain 1997;

Smail et alﬁllﬁﬂm X ; Barger, Cowie
& Richard O;_lvi , ; 2000; Chapman
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et al.2001,/2002, 2003a,b, 2005; etc). This population appeadsffer from local

ULIRGSs, having longer-wavelength SED peaks suggestindetchverage dust tem-
peratures|(Chapmaet all 200%;Huynh, Jackson & Norrls 2007; Symeonidisal

009; Magnelliet al2010), although it is likely that SMGs form a heterogenous-po

ulation of both luminous starbursts and cold and dusty “radti8FGs (e.g. Hayward
et al.2011; Magnelliet al ZO_’LJZ).

In high-redshift sources the sub-mm traces the rest-fraliRectose to the~ 100 ym
peak of the SED, sois a good tracer of the luminosity and nfadbg @old dust at least.

Nevertheless, accuratecorrections based on knowledge of the shape of the SED are

crucial (e.q ; idi , ﬁHwang
et al.l‘ZO_‘LO_a ; : 2; y 2012;

see also Chapt€l 2). In LIRGs and ULIRGs, where most of thérlasity comes from

dust heated by an obscured starburst, this FIR emission @®d wacer of the SFR,
in contrast with the UV which is mostly obscured. It is not $eac that> 100 ym

luminosities are well-correlated with the SFR in less luouis galaxies due to the
contribution from cirrus dust that could be heated by oldella populations (e.qg.

I:I.eLO.LIl|.19_& Walterbos &

Greenawal

(OUPaL!

1: Totani

2). This issue will be revisited in ChaptEls 3 &hd 4.

O
AA O
oaule

etal.2011;

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

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

tect the very cold sources; and high sensitivity is diffidoliachieve with bolometer

arrays |(Blainet all2002). 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 D) of their dishes (15m and 30m respectively), with angulaohations
of 15 and 11 arcseconds respectively. Significant improvesni this respect are

achieved by interferometric cameras such as the IRAM Rlalea®Bure Interferometer
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(PdBI;|Guilloteauet all|1992) and the Sub-Millimeter Array (SMA; Ho, Moran & Lo

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

integration time.

Many of these limitations were overcome by ESHsrschel Space Observataiigun-

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

todetector Array Camera and Spectrometer (PACS; Poglis 010) operating
in the FIR at 70, 100 and 166n; and the Spectral and Photometric Imaging Receiver
(SPIRE; Griffinet all2007) operating at 250, 350 and 5@@. These wavebands span

the peak of FIR emission from dust at redshifts 1 — 4. Herschelprovides unprece-
dented mapping speed and sensitivity, enabling surveysoteepmuch larger volumes
(by orders of magnitude) than were previously possible énstib-mm; the largest be-
ing theHerschelMulti-Tiered Extragalactic Survey (HerMES; HerMES Coldaation
et al.l2012), the PACS Evolutionary Probe (PEP; Letzal.l2011) and théHerschel
Astrophysical Terahertz Large Area Survey (H-ATLAS; Ealeslli2010a). H-ATLAS

in particular has opened up a sub-mm window on a large volurtteedocal 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 SCUBAI2commissioned in 2011) has replaced SCUBA,
allowing greater sensitivity and mapping speed for surieythe sub-mm, while the
Atacama Large Millimetre/Sub-mm Array (ALM#A 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-

minate in the diverse galaxy population seen in the presaivelse. The processes of

3httL‘lZ//WWW. roe.ac.uk/ukatc/projects/scubatwo/
4http://almasuence.eso.orq/
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star formation are poorly understood, but observed relatsuch 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 tsasemnilarly show us that
warm dust is strongly linked to the occurrence of star foramtalthough the link with
cold dust is less well established. The observational itapce of dust was elegantly
summarised by Andrew Blain (Blaiet alli2004; p14):

“The mass of dust in a galaxy is relevant for understandisgchiemical
evolution prior to the observation. The creation, destimcind recycling
of dust are important for understanding both the processtarf ®rma-
tion, and the feedback of processed metal-rich materialtiné ISM, in all
galaxies. This is a potential advantage of studying galasofgion from
dust emission. First, the currently active star-formingions 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, sutgidew 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 mosiriftabus SFGs and
starbursts which signal the location of the most intengefstenation 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 galadierschelprovides
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 wavelengthsilaMMRGs 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 lwspapulations to see the
growth of the whole population of galaxies. With these id@asind, 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

correlation in SFGs at low redshift, and underpins the agsiemthat the non-thermal
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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-rédSiiGs may differ

from those at low redshift, which affects the calibratiorflakes 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” technigue to recover averageefiitbelow the noise limits

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

Bourneet alli2011).

The aims of Chaptdd 3 are to explore the sub-mm propertiesdiiary galaxies se-
lected in a low-redshift optical survey. Once again, theufois on understanding a
population that would not normally be detected in flux-liaaitsamples 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 SDSSelole 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&asteass, 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 sinB&ASsurveyed 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 ryisel
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 noiopisdy 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

by Herschej warm dust probed bJRAS molecular (H) gas estimated from CO ro-
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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 fiewbrk 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 Chapteidl we saw how star formation can be detected by \wdts@ms in various
parts of the spectrum. Two very successful techniques,wduie universal and rela-
tively easy to measure, are the continuum fluxes at FIR ard vealvelengths. These

are linked by the FIR—radio correlation (FRC) which is obserin galaxies through-

out the low-redshift Univ_eﬁ_ma,u_dﬂ_ls“ut 1973: RickardHgarvey| 1984: Helou,
Soifer & Rowan-RobinsoELm&%) The FRC is lineanarkably tight

and holds for a wide range of galaxy types over at least fiversrdf magnitude in

luminosity (Figure[Z1L n 2001). It can bg@lained in terms

of ongoing star formation producing hot, massivé (~ 8 M) stars with short life-
times € 108 years,_KﬂnquJIIL19_9_3a). In an SFG, the UV radiation fronséhstars

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 luminositieg Lir andlog L1 461z (a), and between
the fluxes (b), for alRASflux-limited sample of 1809 galaxies wit$k, > 2 Jy (from Yun, Reddy
& Condon ; Figure 5). Grey circles in (b) are radio-escgsurces (radio AGN) which are
relatively rare in FIR samples, but are easily picked ouhis tvay.

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 Fidurk, 2/though the uncer-

tain contribution from more radio-quiet AGN can lead to ssatn the correlation.

Likewise the FIR can be contaminated by sources which argated to the SFR, par-

ticularly at long wavelengths by cold “cirrus” dust heatgddider stars|(Calzetgt al

2010), while shorter wavelengths can be boosted by dusetidsat AGN and by the

variable contribution from PAH emission features and the:t0silicate absorption
trough (see discussions in Secti@ns1.3.3=1.3.4). As fieaseres are redshifted into

observed bands such 8pitzeis 24 m, the use of such observations as SFR indicators

at high redshift is subject to some contention (see\_agjaad 00%;|Webbet al
200 ‘:balzan’aml”ﬂ)ﬁ:lﬂa.dﬂﬂal”ﬂ)ﬂlﬁ&aooviclet all2007; Young, Bendo &
Lucerol2000: Rieket al 2009, Greveet a1 2010).

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 luminositiesfr < 10'° L), and this is interpreted as being a result of

FIR emission from dust heated by older stellar populatiortrelated with the SFR

Fitt, Alexander & CoX 1988; les 1989). Howevhe linearity and

tightness of the correlation over a wide range of luminesitior two such disparate

emission processes, is difficult to explain theoreticdiMinimum energy” estimates

of magnetic fields in galaxies (Burbidge 1956) imply a largeiation between nor-

mal galaxies and extreme starbursts like Arp220. To expdagonstant FIR/radio
ratio between such disparate systems, complex physiagicos 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).

| e |

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 woulchidme tied to the supernova

rate. This theory requires a correlation between the aeeea:rlfiy density of the ra-

diation field and the galaxy magnetic field energy densi @rgues that this is
plausible if the origin of the magnetic field is a turbulenhdyno effect, since the tur-
bulence would be largely caused by the activity of massiaessand hence correlated

with the supernova rate. Alternative non-calorimetric msdnclude those of Helou &

Bicay (1993), using a correlation between disk scale heighithe escape scale length
for CREs; anJLNi.IsLa.S_&_Bﬂ:k (1997), in which the FRC is drivgndorrelations with

the overall gas density and equipartition of magnetic field @RE energy.

| e |

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

originating from star formation in lower luminosity galesi. 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 probabilh;L(_C.hj_&AALo.I.f_eE 90). Bell argues
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that the correlation is linear because both of these effedisce the luminosity by the

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

Price & Duric|1992). The calorimeter modellof 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@nd 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 argfgion (Appletonet al
2004 ) ; lvison

eta.ﬁﬁ“*ﬁﬁﬁmm gy |

2011; 2012). Measurements of amjugon (or lack

thereof) would improve the accuracy of FIR-/radio-estiedaSFRs at high redshift,
and could shed light on the mechanism governing the FRC, #sawdighlighting

differences in the physical and chemical properties of S&3sgh and low redshift

Seymouret alli2009).

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 pabéd in_Bournest 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®tiktended 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.85respectively),
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 wavelengthslsingtfrom X-ray to radio
regimes. | use radio synthesis imaging at 1.4 GHz from the ¥kAlescribed in Miller
etal. _20_0_43), and at 610 MHz from the GMRT as described in lvi ( ). For
the FIR, images from the Multi-band Imaging PhotometeiSpitzer(MIPS) at 24, 70
and 16Qum were obtained from the FIDEL survey (DR3;_Dickinson & FIDE&am
007). Details of the depth and resolution of each data sebedound in Tabl&2]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-kagjht galaxies will nat-
urally favour active radio galaxies, while selection ay24is likely to favour galaxies

with dusty starbursts and/or obscured AGN components. efbeses will affect the

distribution ofgr in the sample (see e L2010a). There is however a good

body of evidence that distant massive galaxies in a rangéasgs of star-formation
and nuclear activity can be effectively selected in NIR fdtat~ 2 m (e.g. Conselice

et al. 7;IDaddiet all2007a; Williamset al 20_0;43). This part of the spectrum is
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minimally affected by dust absorption, AGN and other congrus, hence is relatively
insensitive to the “type” of galaxy or the shape of its SEDitRermore it is insensitive
to the age of the stellar population (hence SFR), becaudgtiiés dominated by old

main-sequence stars that make up the bulk of the stellar madkgalaxies. Hence
the NIR rest-frame luminosity is primarily dependent orllatenass only (Glazebrook
et al.l1995; Gardner 1995).

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

Fazioet al.i2004), of which the two shortest wavelength bands (3.6 abg4) can

be used as an effective tracer of stellar mass b gt ). A catalogue
of IRAC sources matched with optical-NIR photometry in theltiiwavelength Sur-
vey by Yale—Chile (MUSY C;_Gawiseet al.i2006) is collected irSpitzeis IRAC and

MUSYC Public Legacy of the ECDFS (SIMPLE; Damenal.2011). 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 (Damenhal

2009b). The IRAC sources have been matched to multi-wagtierounterparts in
MUSYC, providing photometry i/ BV RIz'JH K bands. Stars have been identified
and excluded from the catalogue using the colour critevien K < 0.04, and poten-

tial AGN were removed by excluding any matches with Chandray)sources (Virani

et al.2006). Photometric redshifts were collated for all objentshe sample from
COMBO-17 EWoIfet all2004), and by using theazy code (Brammer, van Dokkum
& Coppi

) as described hy Damenhall (2009b). Dameret al. compared the

photometric redshiftsz{ to spectroscopic ones,) where available, and showed that

the median(|z — z,|/(1 + z5)) = 0.033 (0.079 atz > 1). Stellar masses were de-

rived bylDameret all by fitting the UV-to-8um photometry from SIMPLE with the

spectral synthesis models frc rlot (2003) aere normalised to a
KLQ_u_p_Ji 2001) IMF. As described in Sectibn2]12.2, | divide gample into bins with

sizesAz/(1 + z) ~ 0.2 — 0.4, so it is safe to neglect these photometric uncertain-

ties. The final catalogue used in this work, after matchind smoving stars and
X-ray sources, contains 3529 sources with photometrichiidsup toz = 2, in the
region of the ECDFS defined by the rectang¥51'48” < RA < 53°25'14",
—28°0327" < Dec < —27°33'22" (J2000).
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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 examplﬁmﬂad ML);M‘%)'M
007);| Takagit all (2007); Whi (@’); ' );_D.uuueal_a.l]

009b); lvisoret all (20104).

We do not know the distribution of fluxes in the stacks, butsiwe select massive
galaxies £ 10'° M., in most redshift bins; see FigureR.2) with unknown SEDs at a
range of redshifts, we may expect to be prone to some outliess example, radio-
bright AGN have unusually high radio fluxes and are outlierthe FRC. We cannot be
certain that these have been successfully removed fromathple by cross-matching

with the Chandra catalogue, as we know that there is limitedtlap between X-ray
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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.

and radio-selected AGN samplés (Roviktsal. [2007:| Pierceet all2010; Griffith &

Ster 0; although see Sectlon 2.5.1). | therefore useth#édian statistic to repre-

sent the properties of the typical galaxies in each staaause unlike the mean, the

1Carilliet al 209_43;

A

median is resistant to outlier 0011 Whiteet alli200]

Dunneet all2009b).

The most significant sampling bias is that of stellar mas® Stkllar masses of galax-
ies in the catalogue have been estimated_b;LD_ame.I]J 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 (Malmquist 1922). 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 160 bands respectively (Rieke

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

caused by diffraction and interference. The amplitude eséh*wings” is known to
vary between different pointings and different source sdo For this reason, and to
allow for potentially resolved sources, | chose to measdrgn2 fluxes by aperture
photometry, and adopted an aperture of 13 arcsec with atuapeorrection of 1.16

based on the theoretical 81y TiIMm point response function (PFH:aind the results

of the SpitzerExtragalactic First Look Survey (xFL5; Faddhall2006)] to measure

total fluxes in Jy. | also attempted to measure an empiric&l fifkdtn sources in the map
(as recommended in the MIPS Data Handlipolsing thePRF.ESTIMATE module in

the MOPEX packagg 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, &bladint sources selected
in the map. Poor agreement was found between the PRF andi@pearrections
calculated in this way and the xFLS results. This could bebse the 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 al

stinytim/index.htmi
2Sample xFLS and STy TiM PRFs are available on the SSC websiigp://Ssc.spitzer.

caltech.edu/mips/pst.ntml
3http://ssc.spltzer.caltech.edulmlps/dh/
4http://ssc.spltzer.caltech .edu/postbcd/download-Mop ex.html
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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

uone|a1lo)d olpey—paleljul-re4 ayl
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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 describedtinrfZ3.1.

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‘_GQ.LE.t_a.I, 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 (8) = 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..Serjeanet al. Z(XHL). This equation gives the average contribution of used
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 profilephuitow 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 Figuré2]5). A modification of tk lay (1993xhod was used to

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

DE—-2DR+ RR
RR

The robustness of the results was tested by checking adhsshethod of Masjedi

Wp e(0) =

(2.5)

et al. »), 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 Tabld—Z]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 suffers badly because fluxes
are measured in apertures in this band, meaning that angtmaoid source whose flux
contributes to the aperture must be accounted for, notfysta@urce which blends with

thebeamat the catalogue position.
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Table 2.4: Correction factors() to stacked source fluxes to remove contribution from cateel
background sources, using the autocorrelation of the &tlllogue and cross-correlations of three
redshift ranges with the full catalogue. Errors were caltad as described in the text. Corrected
flux Scorr = Sstack X C

C' (cross-correlation) C (autocorrelation)
Band 00<2<06 06<z<10 1.0<2<20 All
24 ym 0.86 + 0.05 0.74+£0.04 0.80 £ 0.04 0.79 £0.03
70pm 0.90 +£0.04 0.80 £0.03 0.86 £ 0.04 0.84 £0.02
160um 0.81 +£0.05 0.66 £+ 0.04 0.74 £+ 0.05 0.72£0.03
1.4 GHz - - - 1.000 £ 0.001
610 MHz - — - 1.000 +£ 0.002

2.4 SEDs andk—Corrections

2.4.1 Radiok—Correction

Observed fluxes were converted to rest-frame (emitted) glmomatic luminosities
using equatior{216). This contains a bolometricorrectionk(z), accounting for the
shift of the spectrum in relation to the receiver, and a ferthandwidth correction
(1+2)~!, accounting for the stretching of the spectrum in relatmthe bandwidth of
the receiverd, is the luminosity distance to the source, whiles its redshift):

I _ 47Td% Sy.obsk(2)
v,em 1+ 2

The radio spectrum can be assumed to follow a simple powefdawk ) resulting

(2.6)

from the sum of the non-thermal synchrotron and thermal bstrahlung components.
The power-law index in SFGs is typicalty ~ —0.75 at frequencies- 1 — 10 GHz,

where the non-thermal emission dominates and self-absarist low, and has small

dispersiornr, < 0.1 in SFG samples (Gioia, Gregorini & Klein 1982; Condon 1983,

1992). Steeper indices might be expected in AGN—-dominabedcss |(Ibaret_al

010), while spectra are flatter at frequencies30 GHz where the thermal spec-

trum dominates, and & 1GHz where frequency-dependent self-absorption affects

the spectrum_ (Condin 1992).

The k—correction to a monochromatic flux with a power-law speutis independent
of the filter transmission function and is simply given by thgo of the power-law at

the observed and emitted frequencies:

k(z) = (1+2)° 2.7)
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The radio spectral index for each bin was evaluated usingtduked fluxes in the two

radio bands:
_ log (5610 MHZ/SlA GHZ)
log (610/1400)

(2.8)

These spectral indices, shown in Figlrel 2.6, were uség-torrect each measured
radio flux using equatiori{d.7), taking the observed medidex for each bin to cal-
culatek—corrections for all sources in that bin. Figlirel 2.6 showaggrarent evolution
to steeper radio slopes at increasing redshift in this sa#plinear least squares fit to
the «(z) values gives a slope 6f0.39 £ 0.15; the slope is non-zero at tRe6o level.
The evolution does not appear to be monotonic, however, stearltrend may not
be an accurate description. The data could also be desdnbadhange occurring at
z =~ 1 or even a decrease in spectral index with increasing flux. téviea the cause,

the varyinga(z) is an unexpected result, and it is noteworthy that it was beeoved

in the stacked 24m sample of Ivisoret all (2010a), who used the same radio data and

stacking technique; although their spectral indices de@rcavsimilar range. The pos-
sible implications are discussed in Secfion 4.5.1, but tiweusing a single spectral
index of —0.74 for k—corrections would lead to a slight rise in thendices in the three

highest redshift bins (a changedf = +0.17 for the last bin atz) = 1.6).

2.4.2 Infrared k—Correction

In the MIR/FIR part of the spectrum sampled by the MIPS battts assumption of
a simple power law is not valid ank-corrections must be calculated by evaluating
equation [[ZB), which defines the-correction as the ratio of intrinsic luminosity to

observed for a general filter transmission profilér):

k?(Z) — f fooo TV(V)LV(V)dV (29)

o L)Ly (V[1+2))d(v[1 +2])
This requires knowledge of both the filter transmission f'umrH T,(v) and the SED
L,(v). Awell-studied local galaxy can be used as a template fdr-négishift galaxies;
commonly-used templates in FIR studies include Arp220 ar&2 Mvhich are IR-

luminous and therefore considered to be more typical ofdlRReted galaxies at high

5The transmission functions for the MIPS filters are avadaii the SSC websitelattp://ssc.

splitzer.caltech.edu/mips/spectral _response.htmi


http://ssc.spitzer.caltech.edu/mips/spectral_response.html
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Figure 2.6: Top: stacked radio fluxes (arid errors) as a function of redshift. Note the increase
in 610 MHz flux at high redshift which appears to be the maiwatrfor the evolution in radio
spectral index shown below. Bottom: radio spectral index fasction of redshift, calculated from
fluxes shown above. The dashed line (with error bar) repteslee spectral index calculated from
stacks of the full sample;0.74 4+ 0.07 (consistent with the mean of the indices of all the bins). The
points represent the seven redshift bins and are labellédtiaé corresponding values af with

1o errors of+0.2 calculated as described in Sectlon2.3.3. Horizontal draos mark the widths
of the bins.
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Figure 2.7: Comparison of four SED templates showing the relative posstof the MIPS filters.
Note the differences in the shapes blueward of the filtensanticular the strength of the PAH and
silicate features in Arp220, the power-law slope resulfiogn AGN-heated dust in Mrk231, and
the cold-dust bump of M51 peaking at a longer wavelength.
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K—Corrections to MIPS Luminosities
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Figure 2.8: k—corrections for the three MIPS bands (from top to bottormyi24 70m, 160um),
calculated from four different SED templates. Note the afigf the strong silicate troughs in
Arp220 on the 24.m flux at redshifts 1.4 (rest-frame wavelength of k@) and 0.3 (rest-frame
18um), and the effect of the different dust temperatures of tHexjes on the 70 and 16an
corrections.

redshift. Inthe current study there is no reason to preshatetiese dusty IR-luminous
objects are representative of the stacks, since this samptected in the IRAC 3.6
and 4.5:.m channels. | therefore tried a range of different templatB$® compare

the results given by the varioés-corrections. Four templates were chosen to represent

different types of IR SEDs:

1. Arp220 (template from_Popet all2006): a bright ULIRG with a particularly

large mass of hot dust and high star formation following &néecnerger;

2. M51 (GRASIL template: Silvat al 19_9_45): A typical large late-type spiral with

moderate star formation and cold dust distributed in theakprms;

3. M82 (GRASIL template;_S.iJMm_a.l,lﬂaii): The prototype hot starburst galaxy,
with intense star formation probably triggered by a tid&raction with M81;
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4. Mrk231 (GRASIL template: Vegat al ZOD_JS): A Seyfert 1, probable merging

system, with both starburst and AGN components.

The four SED templates are shown in Figlrd 2.7, anditieorrections for the three
MIPS filters are plotted in Figurie_2.8. The stacking was rggdour times, using
a different template fok—corrections each time, to compare the effects of different

assumptions about the SEDs. The results are describedtiofES 2.

2.4.3 Limitations of the SED models

The SEDs considered here are only a small selection of desSHEDs, representing
four archetypes of FIR-emitting galaxies. An alternatipprach would be to use a li-
brary of SED templates based on data from a large sampleafigal For example, the

library of|Chary & Elbaz|(2001; hereafter CEO1) representsrage of SEDs of FIR-

emitting galaxies as a function of total IR (TIR) luminosttgnging from star-forming
spirals with Lt = 10®L, to the most extreme ULIRGs witlhr = 1035 L
(8 — 1000 um). Neither the GRASIL nor CEO1 templates parametrise thétéugper-
ature, but the shift in the SED peak towards shorter wavéterag higher luminosities
in the CEO1 library represents an increase in dust temperan this basis, the M51
GRASIL SED has a similar temperature to the CEO1 template Wwi(Ltr/Ls) ~
9.5 (although it hagog(Ltir/ Ls) ~ 10.4) while the M82 GRASIL SED has a simi-
lar temperature to the CEO1 template witly(L1r/ L) ~ 13.0 (although its actual
luminosity is onlylog(Ltr/ Le) =~ 9.8; Silva et al 193_43). The Arp220 and Mrk231

SEDs used above have similar temperatures consistentiveithg( Ltr/ L) ~ 12.6

and13.4 respectively, and have luminosities;(Ltr/ L) ~ 12 — 12.5 (Vegaet al

). The four templates used therefore span a range oht@It&ED shapes in
the CEO1 library, although they do not represent moderatenosity sources from
that library (i.e.10 < log(Ltr/Ls) < 12). However, the CEOL1 library has its own
limitations, being based on a sample of IR-luminous sounté¢le local volume, so
is not necessarily representative of high-redshift NIR&ed galaxies. The fact that
the temperatures of the four template galaxies tend to niaec€EOQ1 templates with
higher luminosities than their actual luminosities, irades that the CEOL1 library does

not sample the full parameter space.
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It is possible that the CEOQ1 templates might give more apyatgk-corrections than
those in Figurd—2]8, but with the three data points availé@bteould be difficult to
distinguish which is the best fit from such a large range of et&dl therefore opt to
use the four models for simplicity, and bear in mind the latigns of these assumed

SEDs.

2.5 Results and Discussion

2.5.1 Evolution of Radio Properties of the Sample

The results indicate a significant increase in radio lumitgosith redshift (see Ta-
ble[Z.5), greater than would be expected from the flux limohal (see Sectidn 2.%.4).
This is to be expected if the radio emission is related tofstamation, due to the in-
crease in star-formation activity in the most massive gatakom the local universe
back toz ~ 2. The apparent evolution in radio spectral index over them#trange
(Figure[2.®) is more surprising and, notwithstanding thrgdaerror bars, hints at a
fundamental change in the sample demographic, with diffeseurces dominating the
radio luminosity atz < 1 andz > 1 respectively. The most likely potential con-
taminant is radio flux from AGN, which would have a differempiestral index than

that from star formation, and would also have the effect adbimg radio luminosity.

Radio-loud AGN source counts are known to evolve strongly atl (e.g..\Wallet al
2005).

The effect that AGN contamination would have on the mediatspl indices is not

entirely straightforward. While flat( = —0.5) spectra are associated with radio-quiet

guasars or low-luminosity AGN_(Bondit al. 2007; Huynh, Jackson & Norris 2007),

steep spectra < —1) have frequently been used to select powerful radio gadeadie

high redshift (generally > 2; e.glDe Breuclet alii2000; Pedani 2003; Cohet al

2004). This is because AGN radio spectra are flat at low fregese but steepen at

high frequency, hence steep slopes are observed when ttteuspés highly redshifted

(the frequency of the turnover varies, depending on pra@sestuch as magnetic field

strength and electron density; is 200MRe evolving spectral
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indices seen in Figufe2.6 could therefore be a sign of AGNidatimg the radio signal
at higher redshifts.

Matches with the Chandra X-ray catalogue (Virahiall 2006) have been removed

from the sample, reducing the likelihood of contaminaticoni unobscured AGN.

However, overlap between X-ray and radio AGN is known to bealkife.q Pierce

et al.2010). In order to identify any AGN that are obscured or uadied in X-rays, |
used the MIR fluxes from the IRAC catalogue. The IRAC colowgehbeen shown to

provide some limited diagnostics for selecting obscuredNAsased on the rest-frame

MIR slope (e.q. Lacet all2004] Sterret alll2005; Alonso-Herreret alli2006; Donley

et al. if ). In Figure2.9 | plds o ;im /S4.5 um @QAINSES2y m/Ss.0,m fOT all the
objects in the sample. This plot can be used as an AGN/strthaignostic since AGN
have been shown to lie to the right, Wit ¢ m/S15,m > 2 at intermediate to high

redshifts (as the prototype Mrk231 does) while starbusist{ as Arp220) lie above

and to the left (e.d. lvisoet alll2004;| Popeet al ;L.Coppinet all 2010). With

the exception of bin ZBOO(0 < z < 0.4), the data lie well to the left in Figufe2.9,
indicating flat spectral slopes at 8.0 um (compared with Arp220) and negligible
AGN contamination. The scatter in bin ZBO is attributed tmsy PAH emission at
7.7 pm which makes the diagnostic unreliable at low redshift @lidh it is noted that

strong PAH emission is generally associated with star faionand not AGN).

Taking Figurd’ZPB as evidence against significant AGN coirtation, | deduce that
the radio emission originates from star-formation agfivéind that the index of the

non-thermal continuum from CREs evolves. The model desdrtly LTO and Lacki

& Thompson (2010) predicts steep radio spectra as a resultidasing CRE losses

via inverse-Compton scattering with CMB photons [since gbattering timescale is
a function of the frequency of synchrotron emission fromehetron; LTQ equation
(23)]. That model predicts these losses to become signifioamormal galaxies at
z ~ 2, which seems to be supported by these data. Alternativedysteepening spec-
tral slope can be a sign of increased electron calorimesrglectron escape becomes

less important relative to electron cooling (including slgrotron, bremsstrahlung and

inverse-Compton losses; Lacki & Thompson 2010).

It is possible that the evolution in the radio spectral inderot a variation between
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Figure 2.9: Observed-frameSs.o um/S4.5 um — S24 um/Ss.0 um COloOUr-colour plot of all objects
in the sample, coloured by redshift bin (for ranges see T2He The 24um aperture fluxes are
used where they are 50 (roughly 30% of the positions). For the positions withobadetection
at 24um, | use thebo upper limit (indicated by arrows). IRAC fluxes are from theMBILE
catalogue. The representative error bar in the top rightvstibe mediario errors. Some scatter
in the vertical axis is introduced by confusion at;24, but positions in the horizontal axis are
reliable as signal-to-noise is good in both 415 and 8.0um and confusion noise is much lower.
Tracks of starburst (Arp220) and AGN (Mrk231) SEDs are aidrin grey, showing the locus of
each on the diagram as a function of redshift between 0 ani@ h@rizontal scatter in the data in
bin ZBO is attributed to the strong PAH emission feature @t contributing to the &m band
at low redshifts.

galaxies at different redshifts, but a function of the rfeatne frequency that is ob-
served, and that the assumption of a single power-law spads flawed. A curved
spectrum with power-law index increasing with radio fregeyewould produce a sim-
ilar effect when viewed at successively higher redshiftee TTQ models predict a
steepening of the spectral index by only0.05 — 0.1 dex (depending on gas surface
density) between the frequencies probed by 1.4 GHz obsemgaat redshifts from 0
to 2. The evolutionary fit to the data indicates a change @8 + 0.3 over this range,

suggesting that actual evolution with redshift does ocaihe sample.

To better understand the change in the sample demograpioissathe redshift bins,
| consider the distribution of stellar masses in the respediins. The differential
effect of Malmquist bias in successive redshift bins meaas the flux-limited sam-

ple is increasingly dominated by the most luminous (hentenothe most massive)
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galaxies towards higher redshifts. Repeating the stackimadysis with a mass limit

of log(M,) > 10.5 gave results for bothx and¢ that were fully consistent with the
full sample, although error bars were large (the lowesshétlbin contained too few

objects to obtain a reliable value of the radio spectralx)d&esults can be seen in
Figure[Z1B.

2.5.2 The Observed and:—corrected FIR—Radio Correlation
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Figure 2.10: Far-infrared—radio relationgf as a function of redshift for the three MIPS bands
(from top to bottom, 24:m, 70um, 160um). Ratios of stacked observed fluxes are plotted on the
left. On the right are the ratios of stackkdcorrected fluxes: radio fluxes drecorrected using the
measured spectral index for each bin, and infrared fluxes-azerrected using the four templates
described in Sectidn 2.4.2. Vertical error bars represstithatedl o uncertainties on the stacked
medians, followind Gotet all (2001): they indicate the spread of the data, and are of airsite

or larger than the noise, as described in Sefilonl?.3.3zblot@l bars in the left-hand panels mark
the full width of each bin. Horizontal bars are omitted frdme right-hand panels for clarity.
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Theq index was calculated for each stack and for each FIR band esjnation[(Z]1).
Details of the stacked fluxes andatios can be found in Tadle2.2. Figlire 2.10 displays
the calculated; values as a function of redshift, both before and aftecorrections
were applied. Fluxes were-corrected individually, rather than after stacking, gsin
the photometric redshift of each source, and for the ratie stacked spectral index
measured in the corresponding bin, and for the FIR, the ctores shown in Fig-
ure[Z8. The left panel of Figuke Z110 reveals a very slightrdeard trend of; in each

of the three MIPS bands, with a more bumpy evolutioin The anomalies in the
observedy,, evolution can be explained by the redshifted 12.7, 11.3 aéd:8 PAH
features boosting the observed;24 flux at = =0.9, 1.1 and 1.8 respectively, and the
broad 1Qum silicate trough accounts for the dip in, at redshift 1.3. The width of
the redshift bins and the use of photometric redshifts atsoior the breadth of red-
shifts over which these features appear to have an effeetslightly higher value of
all ¢ indices in the lowest-redshift bin could be due to extendslioremission being

resolved out by the high-resolution interferometers, Witian underestimate extended

flux (as suggested hy Janas alli2010).

The right panel of FigureZ21 0 shows the effectg-eforrecting MIPS fluxes using the
four SED templates introduced in Sectlon214.2. Overad , M51 template gives rise
to the least evolution in all thregindices. k—corrections using the Arp220 template
give rise to an increasing,, due to the steeper MIR slopg € 24 um). In g4 the
Arp220, Mrk231 and M82 templates all exacerbate the dowdwand towards high
redshift, while the M51 template removes it, as a result efdboler dust temperature
(longer wavelength of the peak) in M51. However, none of #meglates removes the
trend ingo, IMmplying either a real evolution in rest-frame jZth1.4 GHz flux ratios,

or a steeper spectral slope)ars 70 um in the galaxies sampled, in comparison to the

templates chosen.

2.5.3 Infrared Spectral Energy Distributions

Interpretation of the results is evidently subject to theuasptions made about the
“average” or typical SED of the sample. It is possible to &etionstrain the FIR

k—correction by analysing the evolution of MIPS flux ratiosl@urs) as a function
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of redshift. These colours are sensitive to the positionhef peak of the thermal
dust emission, hence the temperature of the emitting dsestiell as the slope of the
SED on the short-wavelength side of the peak. Fidurel 2.1skbe evolution in
observed MIPS colours with redshift, plotted over the exgedtracks for each of the
SED templates, and reveals that the SED most consistenbbé#rved colours at all
redshifts is M51.

The important factor distinguishing the M51 template frdra bthers used is the posi-
tion of the peak of the SED at a longer wavelength. M51 is asp@iet SFG with an IR
SED dominated by cold dust, and evidence from Fifurel 2. Irethiee points to a cold
dust temperature for the galaxies in the sample, at leakeifirist three redshift bins.
The 70-16Q:m colour is directly sensitive to the position of the peak &t fedshifts,
but it is clear from the middle panel of Figure 2.11 that over fiast four bins the M51
and Arp220 templates are barely distinguishable in thiswo$pace, it is impossible
to draw conclusions on the dust temperatures & 0.8. This is because at these
redshifts both bands are shortward of the peak of even thedtoR SED, and probe
the slope on the Wien side. The 70-160 colours of the high-redshift bins are con-
sistent with the steeper slopes of M51 and Arp220, and ndt thig shallower slopes
of M82 and Mrk231 (similarly the 24—7@m and 24—-16Q.m colours rule out Arp220,
due to its strong PAH emission). These steeper slopes agatpily an indication of

a stronger contribution from “cold” dust (in the ambient IBiMIative to “hot” dust (in

H 1l regions associated with star formation), or a dearth of simnsfrom very small
grains (VSGSs). Alternatively they could even result frontremely optically thick sys-
tems where the SED is steepened by MIR dust attenuationidicélse, however, one
would expect to see a stronger 1 silicate absorption feature such as that evident in
the Arp220k—correction at 2 1.5. The stacked colours are not consistent with such
a strong absorption which reduces the likelihood that afitichick MIR emission is

responsible for the steeper rest-frame MIR slope at higsiiéd

Cold dust temperatures are nevertheless consistent wetltdhclusions of studies
such as_ Chapmaet all (2005) and Popet al. (2006,/2008) for high-redshift SMGs,
and_S;Lm_eo_n_i_d_iﬂ_a.l,_ZOQJ)) Seymouet all (2010) and Giovannokt all (2011) for

70 um-selected galaxies at< 1. There are also parallels with a recent detailed study
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Table 2.5: Stacked galaxy properties in each redshift bin: Rest-framdeGHz luminosity; SFR
derived fromLj 4 gHz USING thdﬁllm& calibration; Total IR luminositéfir = Ls—_1000 um
estimated from MIPS fluxes using the M51 template; SFR déffixem Lyr using thé Bell[(2003)
calibration; corresponding values calculated as described in the text. Errors.oncn, are di-
rectly translated from th&o flux errors. Errors orltg are assumed to be 25% as described in the
text, while errors on SFRs are directly translated from husity errors, and do not include any
systematics from the conversion to SFR. All SFRs are caglrto a Kroupa IMF.

z range Li4chHz SFRi.46Hz Lrir SFRrr qTIR
102! WHz™! Moyr—t 10°Lg Moyr—t
0.00-0.40 1.03+£0.13 0.57+0.08 58+ 1.4 0.61+£0.17 2.76+0.12
0.40-0.61 12.14+0.6 4.23 +0.21 57 + 14 4.8+1.3 2.684+0.11
0.61-0.73 21.5=+1.1 7.50 £ 0.37 99 + 25 81+21 26740.11
0.73-0.96 31.5+1.9 10.98 +£0.69 172 + 43 184+47 2.75+0.11
0.96-1.20 7484+ 7.2 26.1 +2.5 327 + 82 34.1+£88 2.65+0.12
1.20-1.42 152+ 14 53.0+4.9 620 4 160 64 + 16 2.62+0.12
1.42-2.00 363+ 35 127 + 12 1070 £ 270 109 £28 248 +0.12

of two massivek—selected galaxies at~ 2 bylMuzzinet all. (20

to data fromSpitzer BLAST '

), who fitted SEDs
) and LABOCAI|(Siringeet al ZO_OJ))

instruments. Their best fits were star-formation-domid&EDs withLg ~ 1031,

but with cold dust temperatures, in contrast to ULIRGs inlteal Universe. Simi-
lar cool SEDs have also been determined for SMGs out to 1 from BLAST and
009;lAmblardet al.i2010).

Herschelstudies|(Dyeet al

The current sample of massive galaxies is expected to phabepoch of stellar mass
build-up atz > 1. Indeed, Tabl€2]5 shows that both radio— and IR-derivedsSfeR
reach high values beyond this redshift. It seems a reaserasumption that the IR
and radio luminosities are dominated by star-forming @gtivOne does not expect
a significant contamination from AGN-dominated galaxiegha sample, since X-
ray detections have been removed and the MIR colours ar@sistent with AGN-
heated dust (see Sectibn 215.1); furthermore a large dra¢ti 10 per cent) of the
sample would have to host luminous AGN for the median lunitgas the bins to be
biased, and it is unlikely that so many escape both the MIRXanaly diagnostics. |
observe therefore that despite the tendency towards higimenosities (and SFRS) in
the sample at increasing redshifts, there is no evidenaedbange in the SED towards

the templates of local high-SFR galaxies such as Arp220 ¢.M8

In Table[Z5, | show indicative total IR (TIR) luminositiederived for each bin using

the rest-frame FIR luminosities in the MIPS bands, scaletbup;_ 0 .m assuming



The Far-Infrared—Radio Correlation 69

109(S24/S70)
/
\
i
i
\

-2.0[ e 3

_2.5H M51 .

38 ‘

109(S70/S150)

109(S24/S160)

0.0 0.5 1.0 1.5 2.0
Redshift

Figure 2.11: Observed MIPS flux ratios as a function of redshift for the¢hMIPS bands. From
top to bottom:log(S24/S70), log(S70/S160), log(S24/S160). Overlaid are the tracks of the four
templates described in Section 214.2. Error bars are agiméZ.TID.

the M51 template. This was done by using the luminositief@three MIPS bands
simultaneously to find the best-fitting normalisation of M&1 template. There will

be some systematic uncertainties in the calibration, andrfadea of the size of these

| consider another method to estimdigg from MIPS luminosities! Dale & Helou

002) offer one such formula fars_1100 .m, Calibrated for a large sample of normal

SFGs with a range of morphologies, colours and FIR lumires{see also Dalet all

001); | therefore consider it appropriate for M51-like SEDThe uncertainty on

this calibration was shown to be 25% by |Draine & LI (2007), and using Dale &

Helou’s method yields values well within 25% (typically 6%t as much as 16% for
the highest-redshift bin) of those found using the M51 teatgbver the same range.

Hence assuming systematic errors of 25% g is reasonable.
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Notwithstanding these uncertainties, the results impy the typical galaxies sampled
have quiescent IR SEDs at lowy but rapidly evolve towards higher IR luminosities at
increasing: (this cannot be accounted for by the selection; see below}). B 2 they

appear to reach ULIRG luminosities, as star-formationvagtbecomes significantly

more prevalent in massive galaxies at these redshift ' 12005%). The rise

in luminosity with redshift in this sample (from 10'° to ~ 10'2L) may be partially
attributed to increasing median stellar mass with redshiits cannot be the full story
however, since assuming a linear relationship betweelastabss and.r implies
an increase by a factor of 19, wherdasi increases by a factor ef 180, and L1 4 gH2

by ~ 220 over the redshift range. Indeddr is linked not to stellar mass itself, but to

the SFR, which is well-known to rise with increasing re i : Madau

et al.l1996; Pérez-Gonzale# al 209_43 Dameret alli2009 [ m; etc).

2.5.4 Evolution of Specific Star-Formation Rates

The SFRs given in Tab[e2.5 were calculated using the fOI’HKDIﬂE.Q.I' 2003), which
assume a Salpeter (1955) IMF:

L 109
1.57 x 10710 =18 (1 + 7> Ltr > 10" Ly,

SFRrir Lo Lrr/ Lo (2.10)
Moyr=t L 10° '
117x1070 Ry f—— Lur < 101 L
L@ LTlR/ L@ TIR > ®
_ Ll.4 GHz
Mol = 5.52 x 10-22 Liachs (2.11)
oYr ' LiacH: < Le

0.1+ 09(L14 GHZ/LC>O'3 w HZi1
whereL, = 6.4 x 102 W Hz~'. All SFRs were converted tola Kroupa (2001) IMF
by subtracting 0.2 dex, following_D_a.mﬂn_a.I] 009b), in order to ensure consistency

with the stellar masses used. Radio- and TIR-derived SFReaaio be roughly in

agreement; the TIR values are generally higher, althougstlynthey are within the
broad error bars given by the calibration ofir. Agreement naturally depends upon
the value ofyrir as a function of redshift being equal to the local value [gag median
in Bell's (2003) sample was 2.64]. This will be discussedha hext section. Note

that using a constant radie-correction based on the overall median spectral index of
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Figure 2.12: Median specific SFRs from the 1.4 GHz luminosities as a fonatif redshift. Solid
black circles are the medians of the full stacked samplenaieles are using the mass limit
log M, > 10.5. Also plotted are the results of Duneeall (2009b) with the mass limibg M, >
10.5 (small grey symbols). All vertical error bars denote théeatedl o uncertainty in the median
foIIowingﬁe%g]l ); systematics in the SFR calibrations are not indudhorizontal bars
mark the widths of the bins. All SFRs in this plot have beeneosted to a Kroupa IMF as described
in the text.

—0.74 reduces radio SFRs in the last three bins but does not imphavagreement

overall.

Figure[ZIP (black solid points) shows the median specifRS{ESFRs: calculated
source-by-source as the radio SFR divided by the stellasyaasa function of redshift.
It is immediately apparent that median SSFRs increasedtravth redshift, indicat-

ing a rise in star-formation efficiency within the sampleradreasing look-back times,

a result seen many times in the literature i : Madau, Pozzetti &

Dickinson ' [ ; ;_Ee.LLLD.QEI_a.I“ZO_O.EL;
perez-Gonzaleet al 2008 Dunneet al 2009b{ Dameret al 200sh civeret al

010a). The black open points in Figlire2.12 show the restittee mass-limited sub-

sample log(M,) > 10.5) in comparison to the full sample (filled points). This shows
the effect of having lower median stellar masses in the fthgle at low redshifts in
particular (because SSFR is a function of stellar mass dsageédshift). The consis-

tency between the results of this stacking study with thekst@d/ -selected sample of

Dunneet al. (2009b) seems to support the idea that the IRAC selectigetsa similar

population toK selection.
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2.5.5 Evolution of the FIR—Radio Correlation

The M51—corrected indices in Figuré_2.10, which have been shown to be the most
appropriate, appear to show the least evolution in the FRE important to note that
the observed fluxes in the three MIPS bands trace differems pathe SED and are
affected by different components of emission in the souredges. In particular,
the observed 160m flux between) < z < 2 is the closest tracer of the FIR peak
of the SED (due to emission from large graphite and silicageng, making up the
majority of the dust mass), angk, with the M51k-correction displays no evidence of
evolution. They,, index is also broadly constant, despitei2d being a closer tracer of

>t 1990).

emission from PAHs than the bulk of the dust (¢

|

This lack of evolution is in agreement with previous stud24m-selected (e.g.

ﬁetonet alli2004;Huynhet alil2010) and radio-selected samples (£.g. Hiaal

). Somewhat surprisingly however, some evolutionilsagiparent ing;, after

M51 k—correction, at aroung significance.

Some of the anomalies in the-correctedy,, andg,, evolution could be due to the MIR
spectrum and/or the radie-correction. The ~ 0.9 bin, for example, coincides with
the redshifted PAH feature at 12:%, and the boost ih—corrected 24:m flux at this
redshift might be a sign of strong PAH emission in the sourtég radiok—correction
could also play a part, since in this bin the measured speottax is relatively flat.
This explanation appears likely since a similar bump is appain ¢,o at the same
redshift. Furthermore, there are particularly low valuég,@ andg;, in thez ~ 1.6
bin, which coincides with the steepest measured spectiakirRepeating the stacking
analysis using a constant spectral index-0f74 4+ 0.07 for radio k—corrections was
found to have a small effect on both of these bins, changiolgeadex by—0.06 dex
atz ~ 0.9 and+0.17 dex atz ~ 1.6. Similarly the values in the intermediate bins at
z =~ 1.1 and1.3 were raised by 0.07 and 0.06 respectively (changes in theddshift
bins were negligible); however this still leaves a declihewmsignificance inj;o when
the M51 template is used. Clearly it is the FIR SED which dates the evolution of

monochromatig indices, and not the radio spectrum.

One factor that could account for this declineg is a steepening of the contin-

uum slope shortward of 70m, relative to the M51 template. The SED in the MIR
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region (10 pm < A < 70 um) is thought to be dominated by emission from VSGs

(radii < 10nm) with fluctuating temperatures resulting from a mixturéhermal and

single-photon heating (Desert, Boulanger & P 1990). teemening of the the

slope shortward of 70m might be due to an increase in the FIR {00 gm) luminos-
ity (dominated by big grains) relative to the VSG contrilbatiat shorter wavelengths,
although this is not clear from the MIPS flux ratios (Figlrg&D.

In this context, it is interesting to compare with the reswat|Seymouset all (2009),

who measured 70m fluxes for a sample of faint radio sources and reported a dsere
in observed;;, with redshift (both for detected sources and stacks), wisiciot fully
accounted for by thé—correction of any single model SED. Seymetial. concluded
that their stacked data show a discrepandy.at< =z < 1.5 between increasing total
Lmr values (estimated from radio luminosities) and decreaginigmplying a change
in the ULIRG SED at high redshift. Whatever the cause, it seplausible that these

two samples are similarly affected.

Some of the first results fromerschelprovide further tantalising evidence for some
change in star-formation activity at high redshifts: Rduégo et al. (2010b) stacked
100 and 16Qum imaging from the PEP survey at the positions of IRAC (4ub)

sources that were optically classified as SFGs and were ectddtin the 16@m im-
age. They found that SSFRs (derived from IR+UV luminos)tieBowed a power-law

trend with mass, with an index ef0.25'%11 at z < 1, in agreement with SSFRs from

radio stackingl(Dunnet al2009bj Pannellet all2009), but that the index steepened

to —0.5070 1% at1 < z < 2, deviating from the radio results. A change in the IR
SED or¢mr would be expected to produce such a deviation between SSéiRedl

respectively from IR and radio (as is suggested by the databire[Z5).

In Figure[ZIB | plot the indices calculated fromirk (listed in Tabld=2b) using

Ler/3.75 x 1012 LiacH,
=1 —1 2.12
qFIrR 0og ( W 0g W Hz ! ( )

(Helou, Soifer & Rowan- insin 1985). Here | substitlig for Ler = Lao—120 um.
(as in@llthQS an Em_all EL for example), and this difference should be

noted when comparing to other work. As an indication, therat Ltr/Lgr in the

M51 template i2.1 (which implies¢rir — ¢rr = 0.32), but this ratio is likely to be

variable since much of the longer wavelength emission celnd@ contributions from
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dust heated by older stellar populations (as discussecé&mple by Bell 2003).

The results forrr are shown in FigueZ.13 alongside the median res JJ_mIf an3y)
of grir = 2.64 £+ 0.02 for a FIR+FUV-selected sample of SFGs:at 0.0. The results

are generally a little higher than this valuezak 1, and it is only due to an apparent
evolution that they are more in agreement at high redshifie 3light discrepancy is
just within the errors allowed by the TIR normalisation, andy result from a system-
atic difference in the assumptions made about the SEDs anakgociated calibration
of TIR. A further possibility (as mentioned in Sectibn 2]pi& that radio fluxes are

underestimated at the lowest redshifts because the hggidteon interferometry re-

solves out extended emission (Jargisal. 2010). This would only affect the lowest

redshift bin since the minor axis of the 1.4 GHz beam.ig' ~ 8.0kpc atz = 0.4.
However, if 1.4 GHz flux was underestimated in this bin we $th@xpect to see an

anomalously low spectral index (since the 610 MHz beam geldryet this is not seen
in Figure[Z®.

The slight decline in therr values with redshift is described by an error-weighted
least-squares fit given bytir o< (1 + 2)” wherey = —0.11 4 0.07. Note that stack-

ing with the mass limifog(AZ,) > 10.5 gives very similar results, fit by the index

v = —0.18 + 0.10. In comparison, the 24m sample of Ivisoret all (2010a) showed

evidence for evolution over redshifts from 0 to 3, with aroenveighted least-squares

fit of the same form given by = —0.15 + 0.03. Most recently, lvisoret all (2010b)
showed that a sample of LIRGS detected3pytzerand stacked intélerschelimaging
at 100, 160, 250, 350 and 50th appear to exhibit evolution igrg overz = 0 — 2,
with v = —0.04 £ 0.03 (or —0.26 + 0.07, discounting their 16 galaxies at< 0.5

which were poorly matched ihrr to the higher-redshift bins).

A slight decline of a similar scale( 0.35 dex) ingrr With redshift 0 < z < 1.4) was
also observed b;LS.a.Lgﬂa.I] 0104a), in the median IR/radio ratios of their sample

jointly selected in the IR and radio. However this was at |@w)(significance and

the possibility of intrinsic evolution was rejected by thetzors because the median
at = ~ 1.4 was within the scatter of their low-value, and moreover because the
average at > 2.5 was very similar to the local value. Instead they considé¢ned

their sample was more contaminated by AGN at increasinghitgglsand that the hot



The Far-Infrared—Radio Correlation 75

dust in these AGN causeg, ratios to remain constant, while lower abundances of
cold dust causeg;, andgr to fall. It is interesting to note that these results siniylar
show constangy, and fallingg;o andgrr, but the observation of constant, defies a

similar explanation.

In a second paper, Sargeitall (2010b) extended their earlier work using two volume-

limited subsets of the joint sample: ULIRGS, and sourcesufadjmg the bright end

of the luminosity function defined by Magnebit all (2009). They showed that for

both of these IR-bright populationg,r was constant out to redshift 1.4. Following a

correction for increased scatter in their data beyond #dshift, they concluded that

it remained constant out to redshifHZl’ his result disagrees with that

010a), which is flux-limited as opposed to volume-limjtslowing the potential

importance of selection effects.

—

Maoet al. (2011) analysed the 7@Gn data from the same FIDEL survey as used here,

and used both stacking and survival analysis on the detsatagle to test for evolution

of the observed,, and the bolometrigrr [the latter estimated by fitting 24+70n

photometry to_Chary & Elbaz (2001) templates]. Metoal. found thatg;, was con-

sistent with the expected tracks of the SED templates @estant in the rest frame),
while ¢tir showed a small downward evolution, by about 0.2, up te 2, although
this did not continue ta: ~ 3. However, their sample is likely to be more biased
towards luminous SFGs than the NIR sample used here, sietestacked sample
was based on radio detections while their survival analemspled 7Q:m detections.
Differences between the results of the two samples coultyeasult from different
SEDs dominating the NIR and FIR samples, and from discrepaietween the true

SEDs and the templates assumed.

The decline inyrr in FigurelZIB may be an artificial effect resulting from tlsswamp-
tion of the M51 template; bothrr andg,o may be underestimated if the true SEDs
were steeper at < 70 um. Alternatively if ¢rig really declines at high redshift then
something must be causing galaxies to emit less in the IRivelto the radio at in-

creasing redshifts. This could mean either a reduction ticalpdepth, causing more

5The current data are not affected by the biag orescribed b .mmﬂ]o) due to the

selection in the IRAC bands.



76 The Far-Infrared—Radio Correlation

3.0

2.8 —

2.6
2.4 m

20k This work (no mass limit) @
8 This work (log M > 10.5) O |4
Bell 2003 % |

l
i
I

Gmr

2.07 Il Il Il

0.0 0.5 1.0 1.5 2.0
Redshift

Figure 2.13: Total infrared luminosity—to—1.4 GHz luminosity ratio aguaction of redshift for
the full sample (black solid points) and for the mass limisadnple log(),) > 10.5; grey open
points). Note that both sets of results decline similanyplying that the evolution seen is not
a symptom of Malmquist bias. Vertical error bars are donsiddiy the assumed systematic un-
certainty of 25% inLtg (described in the text), but also include the error on the 1.4 GHz
flux. Horizontal bars denote the full widths of the bins. Ther @tz = 0 represents the median
gTIrR = 2.64£0.02 fromBel M). Our results appear to be systematicatiyrr than this value,
except where they decline at> 1, potentially as a result of different assumptions abouSes.

UV photons to escape, or an increase in the confinement amgghiamrcessing efficiency
of CREs leading to stronger radio emission. This latter jpdgyg cannot be ignored
in light of the steepening radio spectral index at redshifts 1, since LTQ predict that

steeper radio spectra are a sign of increasing electronmary in normal galaxies.

In spite of these considerations, | remind the reader tleaétolution ingrr is at low
significance (similar to that (LT_S.ammlLa.I] 010a), and the data are consistent within

1.50 with no evolution. There is also the potential for some brasoduced by the

variation of spectral index with redshift: applying a camtspectral index of0.74

to the radiok—corrections reduces tlygr evolution to a level that is indistinguishable
from being constanty = 0.03 + 0.07. The evolution ing;, however is not fully re-
moved by this change. Using the measured spectral indiceadh redshift bin 1 fit

g70 < (1 4+ z)™ with ;¢ = —0.15 £ 0.05, while using the constant spectral index

| find v7o = —0.10 4+ 0.05. Nevertheless, | emphasise that the measured spectral in-
dices should give the most accuratecorrection, and Figufed.6 shows that the overall
median of—0.74 is certainly not appropriate to represent the flux ratiosllifathe

bins.
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2.6 Conclusions

| have studied the FIR—radio correlation (FRC) as a funcobmedshift for NIR-
selected massive galaxies in the ECDFS, a sample which iasetbby star-formation
activity. | used a stacking analysis to evaluate the ratfosedian FIR/radio fluxes of
all galaxies in the sample, divided into redshift bins. Tieshnique traces the typical
objects in the population of massive galaxies from low rétlblack to their formation
epoch. A thorough analysis of clustering of the sample wasl tis correct for the
differential effects of confusion in the three FIR bands-corrections were derived
in the radio and FIR using ratios of observed fluxes, ensuaggiuch as possible a
self-consistent analysis. A mass-limited sub-sample Wss stacked to confirm the

robustness of the results to Malmquist bias.

The results forsy, g0 andq,69 Show a slight decline in thebservedelations, not dis-
similar to the results of previous studies, which can bedigrgccounted for by the FIR
k—correction using an M51 template. Aftercorrectionsg;q is the only monochro-
matic index to show signs of evolution, suggesting that hend k—correction may be
less effective as a result of a steep slope in the SED fro2d — 35 um (corresponding
to z ~ 1 — 2) compared with M51. Observed MIPS colours at all redshifésraore
consistent with the M51 template compared with hotter statigalaxy templates, in-
dicating that the typical IR SEDs of stellar-mass-selegialdxies at redshifts up to
~ (.8 (at least) appear to be dominated by cold dust. At highethi&dsit is not pos-
sible to constrain the dust temperature with MIPS colodtpagh it is still clear that
M51 is the closest template. In contrast to this, both radid ttal IR luminosities
rise significantly with increasing redshift, as do the dedi\sFRs. The specific SFRs

similarly rise steeply, in agreement with results in therhture.

The stacked radio data reveal tentative evidence for amgonlin radio spectral index
across the redshift range, an unexpected result that ismptime change in the radio
loss processes in this sample towards higher redshifts. nide likely explanation

seems to be a shift towards greater inverse-Compton logsbe €REs at: > 1,

supporting the predictions bf Lacki & Thompsaon (2010).

Overall the results show evidence that the FRC, measuredddp.m fluxes or 16Qum
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fluxes closer to the FIR peak, remains roughly constant up~to2, corresponding to
10 Gyr of cosmic time. This is similar to the conclusions afaet studies including
Ibar et al 20_0_&)' Garret al _ZOQJ))' Youngeet all (2009); lvisonet all (2010a) and

Sargentet all (2010a). The issue is clouded, however, by measurement ah,/

which appear to show a decliniggndex with redshift, and when combined into a to-
tal IR luminosity, likewise show a slight decline (at low sificance). This most likely
implies a steeper spectral slope at wavelengths ardbird35 ym (compared with the
M51 template), leading to insufficient 7@n k—corrections. Yet a true evolution in the
ratios of 7Qum/radio luminosity and of TIR/radio luminosity is plausibEonsidering
the apparent increase in electron-calorimetry behavibura 1, and considering the
fact that rest-frame 24, 70 and 1pth fluxes can arise from different components of

the dust in a galaxy. It is also consistent with the resultgﬂm.o_umr_a.l, .ZODJ))

for ¢7o andLlvisonet all (2010&,b) using BLASHerscheland Spitzerobservations to

measurerr.

The general consensus in the literature is that the restefldRC does not evolve (Ibar
et aI.m_o_& Seymouet alll2009; lvisonet alll2010b; Jarviet all2010; Sargenét all
2010a| Macet alli2011; Roseboomt alli2012), and therefore that FIR and radio trac-

ers of star formation agree out to~ 2. If the correlation were to evolve, we would
interpret this as evidence for either the radio or FIR lumsityofailing to trace the SFR
at high redshifts. In the radio case this could be a resultiftérént CRE cooling
processes, such as bremsstrahlung radiation and invers@tGn scattering from the
CMB, and in the FIR this could be caused by an increase in thehbfon escape frac-
tion due to lower dust content or different spatial disttibaos of dust. These processes
could still be important however, even with a constant FRAgesit has been shown
that conspiracies between loss processes in the FIR anal sadrces can maintain
the FRC while both FIR and radio luminosities under-estertae SFR|(B ILZO_( 3;
Thompsoret all2006;/Lacki & Thompsan 2010; and LTQ). A full understandirfg o

the FRC will need to take into account theoretical consitlana of magnetic fields,
CRE production and cooling, and dust radiative transfewelsas observational con-
straints from the FRC in faint and high-redshift galaxiebjch are less well-studied,
and at the sub-parsec scales of individual star-formingregwithin galaxies. These

are topics of ongoing research.



Chapter 3

The Sub-mm SEDs of Ordinary

Galaxies at Low Redshift

3.1 Introduction

Dust in galaxies represents only a tiny fraction of the masssily of the Universe

(e.g.lDriveret alli2007), but that fraction must increase towards higher riéidsis the

sub-mm luminosity function (LF) evoIveL (Ealesall2009; Ealest alli2010b; Dye

et al.2010; Dunneet aI|201’ [hereafte 1]). In this chapter | ask the questiomatwh

are the properties of dust in galaxies that are not seleotbé dusty, and is there an
evolution in their dust content with redshift equivalenttiat seen itHerschelselected

galaxies?

Galaxies in the Universe comprise an extremely varied @amur, with a wide range
of different properties. The galaxies that | will concetdran in this chapter are the

guintessential Hubble tuning-fork types, both spirals altigticals, that comprise the

majority of galaxies selected in optical surveys (e.g. Briet all2006). | make no

prior selection with respect to dust content or FIR lumitgdut it may be expected
that the typical galaxies sampled are quiescent in natumek age not undergoing ex-
cessive starburst or nuclear activity (as in typical FIlRsed samples frorRASor
Spitze). This sample may have more in common with the low redshiftuytation in

the H-ATLAS sample selected at 2pth, which typically consists of optically lumi-
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nous (M, < —20), blue WUV — r < 4.5) galaxies|(D11; Dariuskt al.2011); but

unlike H-ATLAS this sample is not biased towards dusty gedsin any way.

Most large statistical studies of the FIR/sub-mm propsrteFIR-faint galaxies se-
lected by their stellar light have focused on high redslafhples selected in the NIR
tal 00;: Greve

emission from normal galaxies at low/intermediate redsHiive been restricted to

small sample sizes and most have therefore focussed moneliwidual galaxies than

This is simply because deep sub-mm imaging of large areakyoissnecessary to
cover a large enough sample of low-redshift galaxies fdissigal analysis. Until very
recently, such data have not been available. Observatiotisei sub-mm, over the
Rayleigh-Jeans tail of the dust SEDzaR00 pm, are crucial for constraining the mass
of cold dust in the ISM of galaxies, since FIR studies udiRgSat < 100 um were

only able to constrain the more luminous but less massiveibotion from warm dust
in star-forming regions_(.D_uLLD.e_&_Eal 2s 2001).

HerschelATLAS is the first truly large-area sub-mm sky survey, andgash is ideal

for this work. Itis the largest open-time key project onlterschel Space Observatory
and will survey 550 degin five channels centred on 100, 160, 250, 350 and;600
using the PACS and SPIRE instruments. For this study | usRERiaps of the three
equatorial fields in the Phase 1 Data Release, which coveted@altogether, centred
at R.A. of 9", 12" and14.5" along the celestial equator (Dec0°). We are currently
unable to use the H-ATLAS PACS maps for stacking due to uacsgies in the flux

calibration at low fluxes, but this will be pursued in a follay paper.

In this chapter | use a large sample of optically-selecteaxiyes based on SDSS, bin
by their stellar properties derived from the UV-NIR, and doat an unbiased census
of their dust properties in the sub-mm by stacking. Througtlois chapter | assume
a cosmology of2, = 0.7, Qv = 0.3, andHy, = 70 km st Mpc~!. All celestial

coordinates are expressed with respect to the J2000 epoch.
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3.2 Optical Data

3.2.1 Sample Selection

The galaxy sample was taken from the Galaxy and Mass Asse(@#MA) red-
shift survey (Driveret al ZOQJ)) which overlaps with the H-ATLAS equatorial fields at

Dec> —1.0° in the 9" field and Dec> —2.0° in the other fields. The sample used
for this study lies within the overlapping area betweenentrH-ATLAS and GAMA
coverage, approximately 126 degThe GAMA survey combines optical data from

the Sloan Digital Sky Survey (SDSS DFﬁ;_Ad_eLma.n;M_cQaﬂn_}a.ll ZOQ_JS), NIR data

from the UKIRT Infrared Deep Sky Survey (UKIDSS) Large Araa\&y (LAS DR4;

LaMLLED.QeeLa.IHEQ."), and UV from théalaxy Evolution ExplorefGALEX Mor-
risseyet al. OOJS), with redshifts measured with the Anglo-AustraliateEcope and

supplemented with existing redshift surveys (see Dratexlli2011 for further details).

| based the selection function on the GAMA “Main Survey” (8al et all 2010),

selecting objects from the GAMA catalogue which are clasgdifis galaxies by mor-
phology and optical/NIR colours, and are limited in magdéuo rpero < 19.8 Or
(Zmodel < 18.2 andrmogel < 20.5) OF (Kmodel < 17.6 andrmoeger < 20.5)H In fact only
0.3 per cent of the sample hamygq, > 19.8, so the sample is effectivelyselected. To
simplify the selection function, | used the same selectioali fields, which reaches
below the GAMA “Main Survey” cut Ofrpeyo < 19.4 in the 9" and 15" fields. Each
galaxy has matched-aperture Kron photometry in nine bangs:iz from SDSS and
Y JHK from UKIDSS-LAS, plusfF’UV and NUV photometry fromGALEX More
details of the GAMA photometry can be foundlin Hgt all (2011). All magnitudes

used in this chapter have been corrected for galactic gxdmasing the reddening

data of ' i S (1998) and are quotethemniversal AB scale,
map = —2.51log;y(S,/Jy) — 48.6. The Kron magnitudes frovln_I:IjH:La.l, 011) are

used for the colours described in this section; however ItheePetrosian measure-

ments for absolute magnitudés.. | purposely have not applied dust corrections based

on the UV-NIR SED or optical spectra, because the aim is tystiust properties as a

IModel magnitudes are the best fit of an exponential and a deovdeurs fit as described by Baldry

et al.(lE(')).
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function of empirical properties, excluding as much as bssny bias or prejudice

to the expected dust content.

| used spectroscopic redshifts from GAMA (year 3 data) wlieeg are available and
reliable [flagged withz_QUALITY (n@) > 3]. These were supplemented with pho-

tometric redshifts computed from the optical-NIR photometsingANNZz (for more

details see_ Smitbt alll2011). The comparison of photometric and spectroscopic red

shifts is shown in FigurEZ3.1. For this work | applied an upgpeit in redshift of 0.35,
because the number of good spectroscopic and photomedistifes drops rapidly
beyond this point. This means that the redshift bins woulkehta be made wider
to sample the same number of sources (hence diluting anyo$igvolution); it also
means that | would only sample the brightest objects at thledst redshifts and their
properties may not be comparable to the typically faintgecs sampled at lower red-
shift. 1 used photometric redshifts with relative erréeg > < 0.2 only, which excludes
most of the poor matches in Figurel3.1. This excludes eightgr of the whole sam-
ple atz < 0.35 (seven per cent ofyher < 0.35), which means that the sample is still
almost completely-band limited. The limiting redshift error translates t@@per
cent error on luminosity distance 48 per cent error on stellar mass, and an absolute
magnitude error 06.3. The criterion tends to exclude lower redshift objectsdieg

to a relative paucity of photometric redshiftszaf 0.2. This does not pose a problem
since there is near complete spectroscopic coverage & livgsr redshifts. Overall,
90 per cent of the redshifts used are spectroscopic, alththegphotometric fraction
does increase with redshift out to= 0.35. The histograms of spectroscopic and pho-
tometric redshifts are shown in Figurel3.2. | tested thecefi€ random photometric
redshift errors on the results by perturbing each photamegdshift by a random shift
drawn from a Gaussian distribution with width= §z. After making these perturba-
tions, | made the same cuts to the sample and repeated ahaheses, and found that

all stacked results were robust, changing by no more thaartie bars shown.

A substantial number of photometric redshiftszat> 0.3 appear to be biased low
in Figure[3. This explains why there appear to be more phetac redshifts than
“all” redshifts at0.3 < z < 0.35 in Figure[32 — i.e. some of those objects have

spectroscopic redshifts which are greater than 0.35 andehéa not appear in the
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Figure 3.1: Comparison of spectroscopia®@ > 3) and photometric redshifts for the objects in
the sample which have both. Black points have photometrisitiéts with relative errors< 20 per
cent while orange points have greater errors. Using thigitimerror and a limiting redshift of
0.35 (dashed lines) ensures a reliable set of photomettahits for the purpose of this study.

same bin in the “all redshifts” histogram. This issue coudtentially affect the results
in the highest redshift birnz(> 0.3); the effect would be to contaminate that bin with
galaxies from a slightly higher redshift, which may comateany evolutionary trends
seen across the= 0.3 boundary. | have chosen to leave the bin in the analysis secau
over 70 per cent of its galaxies have reliable spectrosaepishifts, so the effect of a
biased minority of photometric redshifts is considereddasimall (and ultimately none

of the conclusions hinge on this bin alone).

In total the sample contains 86,208 optically selectedxiedavith good spectroscopic
or photometric redshifts within the 126 degverlapping area of the SPIRE masks
and the GAMA survey. | calculatet-corrections for the UV-NIR photometry using

KCORRECT V.2 (Blanton & Rowels 2007), with the spectroscopic and phtric

redshifts described above. The final component of the inpt#lague is the set of

stellar masses fron Taviat all (2011), which were computed by fitting Bruzual &

Charlot (2008) stellar population models to the GAMAriz photometry, assuming a

Chabrier(2003) IMIgAltogether there are stellar masses estimated for 90 pépten

the sample. The reason that 10 per cent are missing is thaathple reaches deeper

than the GAMA Main Survey in two of the fields: | used the same@nit@de limit in

2The NIR photometry were not used in deriving stellar massestd problems fitting the UKIDSS

bands as discussed ﬂll:l).
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Figure 3.2: Histogram of redshifts available in the catalogue: spacwpic withn@ > 3 (black
line); photometric withdz/z < 0.2 (red line); all redshifts combined (grey shaded bars). In
constructing the grey histogram | take all the spectroscogushifts in the black histogram and
add any additional photometric redshifts from the red.

all three fields in order to sample as large a population asilples

3.2.2 Colour Classifications and Binning

A simple way to divide the sample in terms of stellar progertis to make a cut in
rest-frame optical colours. The bands which have good bigraoise data for the
whole sample are the three central SDSS bands, hence theetfialske and complete
optical colours to use are—r, g — 1, orr —i. | found very little difference between the
distributions of colours in any of these three alternatieash appears equally effective
at defining the populations of galaxy colours. | chose togser since these bands
have the best signal-to-noise hence greatest depths, dotlthp colour-magnitude
diagram (CMD) in Figur&3]3.

In this figure the colour-magnitude space is sampled by adiweensional histogram
in which the number density in each bin is weighted¥oyi / Viax .S.th'LcH_:LC)_GS) to

correct for the incompleteness of a flux-limited sample. dlm@ve this | weighted each

galaxy by the ratio of the volume of the survey (the comovintume atz = 0.35)
to the comoving volume enclosed by the maximal distance athwthat galaxy could
have been included in the survey. To measure the latter |thga¢e, limit which is

the primary limiting magnitude of the sample (a negligibtegmortion of sources that
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Figure 3.3: Two-dimensional histogram of
the rest-framey — r, M, CMD for the full
sample. Contours mark the lggof the his-
togram density function, weighted with the
1/Vmax method to account for incomplete-
ness as described in the text. Contours are
smoothed by a Gaussian kernel with width
equal to 0.8 of the bin width (1/50 of the
range in each axis). The heavy black line is
the red sequence fit given by equatibnl3.1).
The two dashed lines mark the boundaries
between red/green and green/blue classifica-
tions respectively, which are given by equa-

tion (32).
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Figure 3.4: Histogram of rest-frame, slope-
correctedy — r colours across-23 < M, <
—18 (weighted with thel/Vimax method).
Overlaid are the two Gaussian functions fit-
ted to the histogram as well as the sum of the
functions. The dashed vertical lines show the
boundaries of the colour bins described in the
text.
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Figure 3.5: Histograms of rest-framg — r
split into eight M, bins between-23 and
—15 (weighted with thel/Vinax method).
Overlaid are the two Gaussian functions si-
multaneously fitted to each histogram, repre-
senting the blue and red populations respec-
tively, as well as the sum of the functions.
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were selected by or K have fainter,eq, magnitudes). The redshift limit of 0.35 was

also considered (so g, IS greater than the comoving volumezat 0.35).

It is well established that the optical colours of galaxedsihto a bimodal distribution
featuring a narrow “red sequence” and a more dispersed ‘tied”
1999:| Stratevat all|2001 ;| Blantoret al.2003;| Kauffmanret al. 2001 ;_B_a_E_ajl
200

—

Bellet all2004; Fabeet al.2007; etc).. Baldnet all (2004) have shown that

the optical CMD can be successfully modelled as the sum ofGawossian functions
in colour, which evolve with absolute magnitude and redstif Figure[3B there is a
clear bimodality in(g — 7)est Which can be modelled as a function of absolute magni-
tude)M, (Petrosian) by splitting the distribution into eight biretlween\/,. of —15 and
—23, and computing the one-dimensional histogram of colouesch bin. These his-
tograms were each fitted with the sum of two Gaussian funstisimown in FigurE-315.
For convenience these functions can be thought of as reyinegéwo populations, one
peaking on the red sequence and one in the blue cloud, ahltbiggnterpretation has
limited physical meaning. A linear least-squares fit repnéigg the red sequence was
obtained from the means and standard deviations of the nedlgtoon as a function
of absolute magnitude across the eight bins. Note thatthe> —19.1 bin has effec-
tively no red sequence, and has no contribution to the lifiebecause the standard
deviations were used as errors in the fitting. | checked fgrradshift dependency
by splitting the population into three redshift bins as vesllmagnitude bins, but since
no variation was found | used the red-sequence fit to the eigigihitude bins with no

redshift binning. This fit is shown as a heavy black line inlka3.3, and is given by

(g — )rest= 0.724 — 0.026( M, + 20). (3.1)

In order to divide red and blue populations as confidently@ssible, | examine the
distribution of g — r colours across the range23 < M, < —18 in Figure[3.%. Here

| plot the one-dimensional histogram 6f, = (g — 7)rest— 0.026(1,. 4 20), thus re-
moving the slope in the red sequence to emphasise the biityodal Figure[3.4, |

have excluded//, > —18 because the red sequence becomes negligible at these faint
luminosities and the distribution becomes dominated byhilee cloud, which hin-

ders the two-component fitting (note | do not make any absohagnitude cut when

stacking). The distribution in Figufe~3.4 was fitted with them of two Gaussians:



The Sub-mm SEDs of Ordinary Galaxies at Low Redshift 87

the red sequence has a mearupt= 0.71 and standard deviation of = 0.09; the
blue cloud hasy, = 0.43 ando, = 0.14. To make a clean sample of red galax-
ies | made a cut at’y, > 0.67 (i.e. p — 0.507). This cut was chosen to minimise
the contribution of the “blue” functional fit, while also ilcling the majority (55 per
cent) of the area under the red fit. The fraction of this histogatC,, > 0.67 that
belongs to the blue function is seven per cent. It is receghtbat the functional
fits do not necessarily represent two distinct populatidngadaxies, and this frac-
tion does not imply a contamination of the red bin since algias withC'y, > 0.67
are empirically red. These cuts are largely arbitrary amdntilain purpose they serve
is to separate the two modes of the colour distribution. @ siimilar arguments, |
made a blue cut at’;, < 0.57 (i.e. up + 1o,) which selects 86 per cent of the blue
function; the fractional contribution of the red functiom this bin is four per cent.
The intermediate bin by its very nature is likely have a hemjeneous composition

including some galaxies close to the red sequence, othatsath part of the blue

cloud, and some proportion of genuine “green valley” gaaxjSchiminovictet al

007;[Martinet all 2007). The relative contributions from each of these to the i

termediate (“green”) bin may vary as a function of redshiitl @absolute magnitude,
which must be kept in mind when drawing any conclusions. Hanethe red and
blue bins will be dominated by completely different popidas with respect to each
other at all redshifts and absolute magnitudes, whichfjastihe use of an intermedi-

ate bin to fully separate them. The- r colour bins are summarised in equatibnk(3.2):

RED: 0.67 + f(M,) < (g —7)rest < 1.00
GREEN: 0.57 + f(M,) < (9 —7)rest < 0.67 4+ f(M,)
BLUE: 0.00 < (g —7)rest < 0.57 + f(M,)
wheref(M,) = —0.026(M, + 20) = —0.026M, — 0.52 (3.2)

These divide the sample into 41,350 blue, 17,744 green afid 27ed galaxies. A
limitation of optical colours such ag — r is the small separation in colour space
between the red and blue populations. This would be imprbyedsing a pair of bands

which straddle thel000A spectral break, but the only Sloan band blueward of this is



88 The Sub-mm SEDs of Ordinary Galaxies at Low Redshift

7.0F

NUV—r

Figure 3.6: Two-dimensional histogram of the rest-fraivé/ V' — r, M,. CMD for the full sample.
Contours mark the log of the histogram density function, again using th8/,.x method to
account for incompleteness as described in the text. Comtve smoothed by a Gaussian kernel
with width equal to one bin (1/40 of the range in each axis) mbise in the top right is a result of
a small amount of data close to tA&/V detection limit having exceptionally high weights. The
heavy black line is the red sequence fit to the data given bgtequ[3.3). The two dashed black
lines mark the boundaries between red/green and greemfblssfications respectively, which are

given by equatior(314).

u, which has poor signal-to-noise and therefore a relatigbllow magnitude limit.
It has been shown in the literature (e.a.etial |M'I5 Wvderet all2007:; Cortese &
Hughes 2009) that a UV-optical colour such\a8'V —r (or UV-NIR such asVUV —

H) provides greater separation between red and blue andsevéard population of
galaxies in the green valley. A clear delineation of the paipans would minimise
contamination between the bins and should help to disamabeguiends in stacked

results.

Figure[36 shows th&’ UV — r» CMD (since ther-band data are deeper thah and
this gives anNUV -limited sample). | was unable to successfully fit tN¢/V — r
colour distribution in bins of\/,. using the simple double Gaussian function, due to a
significant “green valley” excess. To overcome this | folmilMALdﬂLeLa.l, 007) by
defining a clean red sampl&’[JV —r > f(M,)— 0.5] and blue sample§yUV —r <
f(M,) —2.0], where f(M,) = 1.73 — 0.17M, is the fit to a morphologically-selected

red sequence hy ¥t all (2005%). To these subsets | attempted to fit Gaussian fursction
for the red and blue distributions respectively, again ghebins of M/, between—15

and—23. As before, | found a linear least-squares fit to the meanseofed sequence,
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given by

(NUV = r)rest= 5.23 — 0.08(M, + 20). (3.3)

The slope of this fitis somewhat flatter than the@ 17 found byl Yiet all (2005), but the

uncertainty is large due to the fact that | have only perfatitiie Gaussian fit in each
bin to the upper part of the red sequence. As in Fifufe 3.4ltdsubtract the slope and
plot the histogram of the residual colour acrossMd]l, but due to the uncertainty on

the slope this does not give any extra benefit. Instead, llgiagopted the colour cuts

defined by Wydeet al. (2007) as the boundaries between blue, green and red samples

RED: f(M,.)—0.5 < (NUV — 7)est < 7.0
GREEN: f(M,)=2.0 < (NUV —7)rest < f(M,)—0.5
wheref(M,) =1.73 — 0.17M, (3.4)

These divide the sample into 36,900 blue, 12,758 green ab8l & galaxies. These
numbers reveal two disadvantages of using¥iéV’ — r colour: that there ar&/UV
detections for only about 60 per cent of the sample, and tieaVl/' V" selection natu-
rally disfavours redVUV — r colours leading to a smaller number of galaxies in the
red bin. In contrast the-band selection of the — » sample is relatively unbiased by
the colour of the galaxy. However, the differentiation be¢w blue and green popula-
tions should be more successful usiig/V' — r compared withy — r. Therefore both
alternatives have their merits. In Sectlon 3.4.5.1, | complae results obtained using
the two alternative colour cuts, but for the bulk of the cleaptwill refer to theg — r

colour cuts unless otherwise stated.

In this chapter | do not explicitly attempt to distinguishspeve red galaxies from ob-
scured, star-forming red galaxies; rather | focus on thersubproperties as a function
of observed optical colours. One may therefore expect a whiatemixed population
in the red (and green) bins, even usiNg’/V' — r. There are various ways one might
attempt to overcome this — applying dust corrections basdd\dophotometry or spec-
tral line indices, or using the Sérsic index to predetemiire expected galaxy “type”

— however, | opt to avoid biasing any of the results by anyrgassumption about the
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nature of galaxies in each bin.

3.3 Sub-mm Data and Stacking

3.3.1 Stacking into the SPIRE Maps

For the sub-mm imaging | used SPIRE images at 250, 350 ang:hQff the three
equatorial GAMA fields in H-ATLAS, which were made in a sintilay to the sci-

ence demonstration maps described by Paseialdl (2011). The fields consist of

53.25ded at 9", 27.37 ded at 12" 53.93 ded at 14.5". Background subtraction was

carried out using theEBULISER routine developed b in_(201.0) which effectively

filters out the highly-varying cirrus emission present ie -ATLAS maps, as well
as extended background emission including the SunyaégeXath effect in clusters

and unresolved clustered sources at high redshift.

All sources were treated as point sources, and fluxes wersurezhin cut-outs of
the map around each optical position, convolved with a PRi€cbunted for sub-
pixel scale positioning by interpolating the PRF from theFH>St a grid of pixels
offset from the centre by the distance between the opticaksocentre and the nearest

pixel centre. This convolution with the PRF is the standachhique to obtain the

minimume-variance estimate of a point source’s fl .\%’n' The PSFs at 250,

350 and 50Q:m have FWHM equal to 18, 25 and 35 arcsec respectively.

| then measured fluxes in the maps at the positions in theadpttalogue, and stacked
using a similar algorithm to that described in Chapler 2. dduhe deblending algo-
rithm described in Appendik]A to avoid over-estimating tha&cked flux of blended

and clustered sources (with the caveat that sources nag icettalogue, i.e. below the
optical detection limits, cannot be deblended). | divideel sample into three colour
bins (as described in the previous Section), then split @achfive bins of redshift,

then six bins of absolute magnitude. Redshift and magnihidie were designed to
each contain an approximately equal number of objects, deraio ensure that the

sample was evenly divided between the bins and maintain gaotber statistics in

3See also Sectidn Z23.2.
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each. As in Chaptdd 2, | used the median statistic as a robtistator of the typical

flux in a bin.

| also measured the background in the maps, since althowehhhve been sky-
subtracted to remove the highly variable cirrus foregroemmission, the overall back-
ground does not average to zero, and therefore has a sigihiimatribution to stacked
fluxes. Using a similar algorithm to that in Sectlon 2] 3.4dated a sample of 100,000
random positions in each map, within the region covered byotitical catalogue. |
masked around each source in the target (GAMA) catalogue avitircle of radius
equal to the beam FWHM in order to avoid including these sesing the background
stack. | then performed an identical stacking analysis @sdlsky positions, reject-
ing any positions with a measured flux greater tthan The stacked background
flux measured in this way is subtracted from the stacked floXesach target sam-
ple prior to further analysis. The average background seaet3.5 + 0.1, 3.0 + 0.1
and4.2 &+ 0.2 mJy beam! in the 250, 350 and 500m bands respectively.

Fluxes measured in the SPIRE maps are calibrated for adlaspectrum g, oc 1),
whereas thermal dust emission longward of the SED peak ailéla slope between
¥ andv»? depending on how far along the Rayleigh-Jeans tail a givereband is.
The SPIRE Observers’ Manﬂatrovides colour corrections suitable for various SED
slopes, including the? slope appropriate for bands on the Rayleigh-Jeans tails Thi
is a suitable description of the SED in each of the SPIRE bandtsv redshift, and

| therefore modified measured fluxes by the colour correstfonthis slope: 0.9417,
0.9498 and 0.9395 in the three bands respectively. At isargaedshifts, however, a
cold SED can begin to turn over in the observed-frameab®and. From inspection
of single-component SEDs fitted to the stacks, | estimatatttie SPIRE points in
most of the bins fall on the Rayleigh-Jeans tail, althoughahighest redshifts slopes
can be as flat ag’ at 250um andy!-5 at 350um. The corresponding colour corrections
are 0.9888 and 0.9630 respectively. | tried applying theseections to the highest
redshift bins and found no discernible difference to anyhef $tacked results, hence

the results are not dependent on the colour correction assum

4Available from [http://herschel.esac.esa.int/Docs/SPIRE/htmI/spire om.

html
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3.3.2 Simulations

The stacking procedure used was tested on simulated mapsstioeethat it could
accurately measure faint fluxes when stacking in confusgasmath realistic noise
and source density. As described in Apperidix A, | was ablectuitely reproduce
median fluxes and correct errors, although fluxes of indeidources could be under-

/over-estimated if they were blended with a fainter/braghteighbouring source.

In addition | simulated various distributions of fluxes tettéhat the median measured
flux is unbiased and representative when stacking fainttesurlose to and below the
noise and confusion limits. The results of these simulatiodicate that the median
can be biased in the presence of noise (see.alsﬂ&tlﬁ 007). | show details
of the simulations in AppendixIB. In summary, | assumed aisBaldistribution of
fluxes described bYN/dS o« S72, Smin < S < Smax R = 10g;,(Smax/Smin) = 1.3,

and for this | estimated the amount of bias in the measuredamexs a function of

the true median flux, and correct the stacked fluxes for tlas.bCorrection factors
are all in the rang®.6 — 1.0, and the effect is greatest for low fluxeS (0 mJy). If
one considers the true median to be representative of theatygource in any bin,
then relative to this, the bias in the measured median isya\ess than or equal to
the “bias” in the mean resulting from extreme values (as larpn AppendixB). |
tested the sensitivity of the results to assumptions albeutux distribution, and found
that although the level of bias does depend on the limits bk f the distribution,
all of the measured trends remain significant and all commhssremain valid for any
reasonable choice of distribution. This is equally truedfaorrection is made to the

measured median.

| also tested the correlations found in the data by simuldtux distributions with var-
ious dependencies on redshift, absolute magnitude andrcolirst made simulations
in which fluxes were randomised with no built-in dependesbiat with the same scat-
ter as in the real data, and saw that stacked results werkieguary bin (as expected).
| tried simulations in which fluxes varied with redshift as@revolving LF (simply
varying as the square of the luminosity distance, modifiethieyt—correction), with
realistic scatter; and also as an evolving LF (log flux insieg linearly with redshift

at a realistic rate), also with scatter. | also allowed fluxaoy linearly with optical



The Sub-mm SEDs of Ordinary Galaxies at Low Redshift 93

colour and logarithmically with\Z,., again including realistic scatter. In all simulations

| was able to recover the input trends by stacking.

Finally | simulated fluxes in the three SPIRE bands to progumndomised distribu-
tion of sub-mm coloursSss0 /5350 €tc) with scatter similar to that in the data but with
no correlations built in. Results showed that no artificalrelations were introduced

by stacking.

These results indicate that the correlations detectedeimadl data (described in the
following section) should be true representations of thiansic distributions in the

galaxy population, and are not artefacts created by th&istaprocedure.

3.3.3 Errors on SPIRE Fluxes

Errors on stacked fluxes were calculated in two differentsvéyrstly | estimated the
instrumental and confusion noise on each source and prtgzhtfze errors through
the stacking procedure. | estimated the instrumental rmjis®nvolving the variance
map at the source position with the same PRF used for the flasunement. To this
| added in quadrature a confusion noise term, cLs_Ln_Rgtm] 011). Since fluxes
were measured by filtering the map with a kernel based on thd$t® Appendik), it

is appropriate to use the confusion noise as measured irShdiffered map. Pascale

et al. (2011) measured confusion noises of 5.3, 6.4 and 6.7 mJygaen In the PSF-
filtered H-ATLAS Science Demonstration Phase (SDP) mapsstilmated that the

confusion noise is at a similar level in the maps after PS€riilg, by comparing the
total variance in random stacks on the background to theageeinstrumental noise
described above. Hence | combined these values of confasisa with the measured
instrumental noise of each source. In each stack the medresé imeasured noises,
divided by the square root of the number of objects stacked,cambined with the

error on background subtraction, gives the “measurement’dry) in Table[C1.

| also estimated errors on median fluxes and other stackattijes from the distri-
bution of values in the bin, using the methodgjj.‘ﬂma.ll 001) described in Sec-
tion[Z3.3 [equatior{2]12)]. This method automaticallygsknto account measurement

errors as well as genuine variation within the bin resulfiogn the underlying pop-
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ulation from which it is drawn. The resulting statisticat@s (s in Table[C1) are
typically three to four times larger than the measuremertdrepy, indicating that
the uncertainty resulting from the spread of intrinsic fleikea bin is greater than the

combined noise in the map at all the positions in the stack.

3.4 Results

3.4.1 Stacked Fluxes

The results of stacking SPIRE fluxes as a functiory ef » colour, redshift and ab-
solute magnitudé/, are given in Tabl&C]1. Secure detections were obtainedGat 25
and 35Qum in most bins, although many bins have low signal-to-noisBQ#l;m.
Note that the signal-to-noise ratios in the Table are baseth® measurement error
reduced byy/N (i.e. oy), since this strictly represents the noise level (instmiale
plus confusion) which | compare the detections against. Wakking about errors in

all subsequent analysis | will refer to the statistical utaiaty on the medians) be-
cause this takes into account both instrumental noise andigitribution of values in
the bin, both of which are contributions towards the ungetyson the median stacked

result.

Table[C also contains the results of Kolmogorov—Smirik®)tests which were car-
ried out on each stack to test the certainty that the stackreddpresents a signal from
a sample of real sources and is not simply due to noise. Thssdae by comparing
the distribution of measured fluxes in each bin with the thation of fluxes in the
background sample for the same SPIRE band. These backgsaumules (described
in Section3.311) were placed at a set of random positionsémiap, after masking
around the positions of input sources. If any of the stacksndit contain a signifi-
cant signal from real sources then the KS test would returiglaprobability that the
distribution of fluxes is drawn from the same population ashhackground sample.
The great majority of the bins were found to have an extrerasigll KS probabil-
ity, meaning that we can be confident that the signals medsueereal. The highest

probability is 0.04, for a 50pm stack in the highest-redshift, red-colour bin. A small
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sample of the bins are explored in more detail in Appefdix @ere | show stacked

postage-stamp images and histograms on which the KS testamaesd out.

Stacked fluxes at 250, 350 and 5@ in the observed frame are plotted in Figlrd 3.7,
showing the dependence @i, andg — r at different redshifts. The majority of the
bins have stacked fluxes well below the point-source detection limits shown as
horizontal lines on the figure. In all three bands there isikisg difference between
the sub-mm fluxes of blue, green and red galaxies, and a stanglation with)Z, in

the low-redshift bins of blue and green galaxies. Thesalgemsurprisingly indicate
that the red galaxies tend to be passive and have lower dushdgities than blue,
and are generally well below the detection threshold in RIRE bands. They also
show that sub-mm flux varies little across the rangé®fin red galaxies, while in

blue galaxies it correlates strongly witfi,. such that only the most luminousband

sources have fluxes above the 2560 detection limit — a point noted hy Dariugh al

011) and D11. The variation with redshift is also very eliéint between the three

optical classes, with the fluxes of blue galaxies diminighviith redshift more rapidly

than those of red galaxies. Fluxes in the green bin initidlly more rapidly with

increasing redshift than those in the blue, but at 0.18 they resemble those in the
red bin and evolve very little. This is potentially due to aobe in the nature of the
galaxies classified as green at different redshifts, wisalmisurprising since this bin
contains a mixture of different galaxy types in the overlagpegion between the blue
cloud and red sequence. Itis likely that the relative fraddiof passive, relatively dust-

free systems and dusty star-forming systems in this binchiéinge with redshift, as

the star-formation density of the Universe evolves oves tadshift range_(Lillyet all

1996;| Madatet all[1996; etc). The evolutionary trends discussed in this @eaan

be better explored by deriving sub-mm luminosities, whicst fiequires a model for

k—correcting the fluxes, as | will discuss in Section3.4.4.

At this point it is worth considering some potential sourcédias in different bins

in case they might impact on the apparent trends. For exantpkereasonable to
expect that certain classes of galaxy are more likely thharstto inhabit dense envi-
ronments: in particular redder galaxies, and more massilaxigs, are known to be

more clustered (e.g. Zehagt all2011). While | have accounted for blending in the
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flux measurements (see Appenlix A), this is limited to thethileg of sources within
the catalogue. At increasing redshifts the catalogue besamore incomplete, and

it becomes more likely that the clustered galaxies will bended with some unseen
neighbour. | have made no correction for this effect, buteexphe contamination to
be small for the following reasons: the input sample is catgtown to below the
knee in the optical LF at < 0.3 (see next section); | therefore account for the blending
with most of the galaxies in the same redshift range. Comtatimg flux would have to
come from relatively small galaxies which are not likely tmtribute a large amount
of flux. Moreover, the blending corrections are on averagg small in comparison
with the trends observed (see Appendix A TdhIelA.1), so alsadalitional blending

correction should not significantly alter the conclusions.

3.4.2 Contamination from Lensing

There is a risk that the sub-mm fluxes of some galaxies in tigkeare contaminated
by flux from lensed background sources, via galaxy-galamgitey. This is especially
likely in a sub-mm survey as a result of the negafiveorrection and steep evolution
of the LF _B_La.ul1|_19£2l6 Negrellet all2007). These factors conspire to make sub-mm

sources detectable up to very high redshifts, thereforeigirgy an increased proba-

bility for one or more foreground galaxies to intrude in threelof sight and magnify

the flux via strong gravitational lensing. The strong patrior detecting lensed high

redshift sources in H-ATLAS was conclusively demonstr .(2010).

This study targets low redshift sources selected in thecaptbut the sample will in-
evitably include some of the foreground lenses whose appétxes are likely to be
boosted by flux from the lensed background sources. The flgnreation is likely

to be greatest for massive spheroidal lenses, as a reshkioftass distribution (Ne-

grello et al.l2010). This could pose a problem for the red bins, where spdewill

be mostly concentrated. To make matters worse, measuressfane lowest in the
red bins which means that even a small lensing contaminafiander 1 mJy could

significantly boost the flux.

| made an estimate of the lensing contribution to stackedefiuxy considering the

predicted number counts of lenses from_Lapial. (2011), which are based on the
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Figure 3.7: Stacked SPIRE fluxes (nét-corrected) as a function gf — » colour, redshift and
absolute magnitudé/,.. Top: 250um, middle: 35Qum, bottom: 50Qum. Galaxies are binned
by optical colour from blue to red (shown in panels from leftight) and by redshift (shown by
plot symbols) and stacked fluxes in each bin are plotted again. Error bars are the statistical
1o errors in the bins as described in Section 3.3.3, and aldadacerrors due to background
subtraction. The horizontal dashed lines at 33.5, 39.5 ad rJy in 250, 350 and 5Q6n,
represent théo point-source detection limits as measured in the PSF-deedd®hase 1 maps.

amplification distribution of strong lenses (amplificatifactors> 2) from Negrello
00’

et al. 7). Integrating these counts gives a total of 470 lessé&dmm sources per

square degree, and integrating their fluxes per square elggres the total surface
brightness of lensed sources shown in the first line of Talle Bowever, the counts
are not broken down by redshift, and only those:at 0.35 will contribute to the

stacks. Itis not trivial to predict what fraction of stroremkes are in this redshift range,

but recent results from H-ATLAS can provide us with the basineate that is currently
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possiblel_Gonzalez-Nuewi all (2012) created a sample of 64 candidate strong lenses
from the H-ATLAS SDP by selecting sources with red SPIRE adowhich have

no reliable SDSS IDs, or have SDSS IDs with redshifts incgiesi with the sub-
mm SED. After matching to NIR sources in the VISTA Kilo-degi®&lfrared Galaxy
survey (VIKING; Sutherland, Wet al. in preparation), they reduced this sample to
33 candidates with photometric redshifts for both the lerseng the NIR photometry)
and source (using SPIRE and PACS photometry). For compargplying the same

SPIRE flux limits to the_Lapet all (2011) models yields an estimated two lensed

and two unlensed high-redshift sources per square degtdehws consistent with
the 64 flux-selected sources, of which 33 have low-redshdtcires, in the 16 dég
SDP field (Gonzalez-Nuewvet al.l2012). This sample, the H-ATLAS Lensed Objects

Selection (HALOS), is unique in being selected in the sub;mmabling the selection
of candidate lenses over a much larger redshift range thaer teans samples to date
(their lenses had photometric redshiffs1.8, while other surveys were confined to
z < 1). HALOS therefore provides the best observational measen¢ of the lens

redshift distribution.

Seven of the 33 HALOS candidates have lens redshifis35. |(Gonzalez-Nuevet al

012) removed two of these from their final sample becausdetiises were at <

0.2, and they considered lenses at such low redshifts to haveptowability both

on theoretical grounds and on the evidence of previous yﬂrtﬂmwn.&er_al 003;
Oguri et all2006;| Faureet al ). However, to avoid the risk of underestimating

the number of low redshift lenses, | conservatively inchlitteose two in the analysis.

The fraction of lenses at < 0.35 is therefore7 /33 = 21ff Eer cent, using binomial

techniques to estimate thesleonfidence interv )11). Using these results
to scale the total lensed flux from all redshifts, | obtairteel ¢ontribution from lenses
at z < 0.35, as shown in TablEZ3.1. Assuming that all these low redséifsés fall

in the red bin of the sample, | compared these fluxes to thé dtaeked flux of the

red bins as shown in Table™B.1, which indicates that abou2Q@nd 30 per cent of
the 250, 350, and 50@n fluxes respectively comes from high redshift sources lensed

by the targets. This may be a slight overestimate since sdrtfeedenses may fall

in the other bins; however Auget al _ZX)J)) showed that 90 per cent of lenses are

massive early type galaxies. Any lensing contribution ®lhue or green bins would
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Table 3.1: Total surface brightness of lensed sources fronl_the kagil (2011) counts model,
and estimated contribution from the low-redshift popwaatof lenses assuming the lens redshift
distribution from HALOS ((Gonzalez-Nuewet all ). This is compared to the total surface
brightness of red galaxieg (- r colour) atz < 0.35 from the stacks. | then estimate the fraction
of the flux in each redshift bin of the red sample that comes flensed background sources.

250pum 350um 500um
Total surface brightness (Jy deqg
All lensed flux 1.09 1.34 1.22
Lensesat < 0.35  0.237099  (0.28%012 0.26104%
Red galaxies 2.6+0.5 1.6 £0.2 0.8+0.1

Fraction lensed flux/red galaxy flux kybin
0.0l < z<0.12 0.00 £0.00 0.00£0.00  0.00=+0.00
0.12 < 2 < 0.17 0.06 +0.01 0.1240.02 0.21 +£0.04
0.17 < 2 < 0.22 0.114+0.02 0.204+0.04 0.33 £ 0.06
0.22 < 2<0.28 0.16 = 0.03 0.27 +0.05 0.44 +0.08
0.28 < 2<0.35 0.20£0.04 0.35+£0.07  0.58+£0.11

be negligible compared to the fluxes measured in those bins.

The lensed flux is divided between the redshift bins of thesagdple in a way that is
determined by the product of the lens number distributign) and the lens efficiency
distribution ®(z). The numbersy(z) are given by _Gonzalez-Nuewt all (2012),

while the efficiency depends on the geometry between sol@me and observer. | es-

timated®(z) from the HALOS source and lens redshift distributions usirggformula

of 1999), and computed the lens flux distribution from pheduct of total lensed
flux, n;(z) and®(z). Comparing this to the total flux of red galaxies in each rétish
bin, | computed the fractional contamination from lensed #is shown in Table=3.1.
Errors on the lensed flux per redshift bin are dominated byPiisson error on the
normalisation ofr;(z), which is simply the Poisson error on the count of 33 lenses.
The relative error on the lensed flux is therefa/é_3/33 = 0.17. The error on the
stacked red galaxy fluxes is dominated by the 7 per cent flukresibn error (Pas-
cale, Eet al.in preparation), hence the errors on the fractions in Talll@®& given by
v0.172 4 0.072 = 0.19. Using the fractions derived above, | removed the estimated
lensed contribution to stacked fluxes in each redshift bithefred sample. The effect
of subtracting this fraction from the fluxes of red galaxgsinor in comparison to the
trends described in Sectin31.1. The effect on other eénigsults will be discussed

later in the chapter.
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3.4.3 Resolving the Cosmic Infrared Background

A useful outcome of stacking on a well-defined population allagies such as the

GAMA sample is that one can easily measure the integratedrtbax this population

and infer how much it contributes to the cosmic infrared lgaokind (CIBj Pugeet al

1996 Fixseret al 19_9_43). The cosmic background at FIR/sub-mm wavelengthemak

up a substantial fraction of the integrated radiative eperghe Universel(Dolet al

2006), although the sources of this radiation are not fuligoainted for. For exam-

ple,lQliveret all (2010b) calculated that the HerMES survey resolved aaly 4 per

cent of the CIB into sources detected with SPIRE at 250 down to a flux limit of

19mJy. A greater fraction can be accounted for ugiid@) fluctuation analysis to

reach below the detection limit of the map: in HerMES, Glenmll (2010) resolved

64 + 16 per cent of the 250m CIB into SPIRE sources withy50 > 2mJy. Stacking
on 24um sources has also proved successful, utilising the greapghaf 24,m maps
from SpitzerMIPS to determine source catalogues for stacking at lowgeelengths.

Stacking into BLAST|, Béthermint all (2010) resolvedS8 + 27 per cent of the 250m

CIB into 24um sources withSy50 > 6.2 mJy whilelMarsderet all (2009) resolved
83 + 21 per cent into sources withy, > 15 pJy. However, these BLAST measure-
ments included no corrections for clustering; the authtasrned that the effect was
negligible, although this observation may appear to cdnflith similar analyses in
the literaturel(Negrellet al 00";_S_enj_eam1_al,209_43' Serjeaht 2010; Chary & Pope
2010; Bourneet alli2011).

Similarly one can stack the GAMA sample to estimate whattioacof the CIB at
250, 350 and 500m is produced by optically detected galaxies at low redshifi®
do this | measure theumof measured fluxes in each bin and scale by a complete-
ness correction to obtain the total flux of alky, < 19.8 galaxies at: < 0.35. The

correction accounts for two levels of incompleteness. Tits¢ i the completeness of

the original magnitude-limited sample: . (2010) estimate that the GAMA

galaxy sample (after star-galaxy separation} i89.9 per cent complete. The second
completeness is the fraction of the catalogue which havel gpectroscopic or pho-
tometric redshifts (i.e. spectroSCOECQUALITY > 3 or photometriciz/z < 0.2;

see Sectiofi:32.1). This fraction is 91.9 per cent; howehewk only included galax-



The Sub-mm SEDs of Ordinary Galaxies at Low Redshift 101

ies with redshifts less than 0.35, which comprise 86.8 pet ckthe good redshifts.
The redshift completeness at< 0.35 may be higher than the overall completeness
of 91.1 per cent, but it is unknown since we do not know how mgeigaxies in this
redshift range do not have either spectroscopic or photaewwetshifts measured. For
simplicity | therefore assume the same fraction at 0.35; if this is an underestimate
then the total corrected flux is overestimated by a maximu®. 6fper cent. Finally

| scale by the fraction of galaxies at< 0.35 that are within the overlap region be-
tween the SPIRE mask and the GAMA survey, which is 72.4 pet. ddre combined
correction factor ig) = 1/(0.999 x 0.919 x 0.724) = 1.504. The corrected flux is con-
verted into a radiative intensity (nWThsr—!) by dividing by the GAMA survey area
(0.0439 sr). | compare this to the CIB levels expected inlineg SPIRE banQﬁnn

)
over the SPIRE bands. I find that the optical galaxies sanplgdAMA account for

et al.2010) — these are calculated by integrating the CIB fit frors&net all (

< 5 per cent of the background in the three bands (see Talllel8.#)e Table | also
show the percentage of the CIB produced by galaxies<at0.28, since in this range
the catalogue is complete down to below the knee of the ddifeat M = —21.4

Hill et all2011).

3.4.4 The Sub-mm SED andk-corrections

Monochromatic luminosities at rest-frame 250, 350 and/a@iGvere calculated as in
ChapteR, using equatiof (2.6). Unlike in the previous tapvherek—corrections

were uncertain due to the complex variety of SEDs, the SPI&i® at low redshift
sample a part of the SED that can be well modelled by a singheponent greybody, a
function of temperaturéy,s;and emissivity spectral index[see equatior {114)]. The
k—correction for this SED is given by

3+06 hl/e/kBTdust _ 1
k(z) = (ﬁ) S ——— (3.5)

]/e tho/k?Tdust — 1 ’

wherev, is the observed frequency in the 250, 350 or p@0band,ve = (1 + z) v
is the rest-frame (emitted) frequenady; is the Boltzmann constant arkdthe Planck

constant.

Since one cannot fit an SED to individual undetected galdxiestead examine the
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Table 3.2: Total intensities ofrperro < 19.8 galaxies from stacking at 250, 350 and %00, in
comparison to the corresponding CIB levels from Fixseall (1998). | show the intensity as a
percentage of the CIB for the full stack, and for the: 0.28 subset which is complete i, down

to My = —214 ). | also show the contributions of the individual rettdhins
andg — r colour bins. All contributions from red galaxies have beerrected for the lensed flux
contamination using the fractions in Tablel3.1. All errarslide the statistical error bars from
stacking, the error on the lensing correction (where appl&) and a 7 per cent flux calibration
error (Pascale, Eet al.in preparation).

250pm 350m 500 m
Intensity (N\W n12srt)
CiB 10.2+£2.3 56+ 1.6 2.3+0.6
Total Stack 0.508 +0.036 0.208 + 0.015 0.064 £ 0.005
0.01 < 2<0.28 0428+0.030 0.173£0.012 0.054 4+ 0.004
Per cent of CIB

Total Stack 4.98 +0.39 3.71 £ 0.30 2.79 £0.22
001 <2<0.28 4.19+0.34 3.08 +0.26 2.33£0.19
001 <z<0.12 1.57+£0.17 1.114+0.13 0.81 £0.09
0.12< z<0.17  0.97+0.10 0.71 +0.08 0.53 + 0.06
0.17< z2<0.22 0.85+0.08 0.63 + 0.07 0.49 + 0.05
0.22 < 2<0.28 0.80+0.08 0.63 + 0.07 0.50 + 0.05
028 <z<0.35 0.78+0.08 0.63 £0.07 0.46 + 0.05
Blue 3.02 £0.26 2.34+0.21 1.67 £ 0.15
Green 1.124+0.10 0.84 £0.08 0.64 + 0.06
Red 0.83 + 0.08 0.64 + 0.07 0.48 + 0.05

ratios between stacked fluxes in each bin. Fluxes in the mesidye first corrected to
remove the contribution from lensing as discussed in Seffid.2. The colour-colour
diagrams in FigurE_318 show the resulting flux ratios in theewbed frame in each of
the five redshift bins, alongside a selection of models witarege of temperatures. |
tried both a single greybody and a two component model, laretts little to choose
between them in these colours, since the SPIRE bands arejavkvelengths at which
the SED is dominated by the cold dust, with little contribatfrom transiently heated

small grains or hot dust. | therefore adopt a single compuieersimplicity.

The scatter in the data is large, as are the errors on the@b0#b flux ratio. Moreover,
with all the data points on the longward side of the SED peesdmhpossible to resolve
the degeneracy between the dust temperature and the atyigsiiex (5). This is
shown by the close proximity of thé = 1 and3 = 2 models on Figur€-318, which

overlap in different temperature regimes. With these Btndins | am forced to assume
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Figure 3.8: Colour-colour diagrams of the observed-frame SPIRE fluXée. plot is divided into
five redshift bins, in which the data from that bin are plotéahg with the colours expected from
various models as they would be observed at the median feufstiie bin. Data are divided into
the threey — r colour bins, denoted by symbols and colours, and\¢jxbins denoted by the size
of the data point (larger=brighter). Data points and er@mshn the red bins include the lensing
correction and its uncertainty. Three families of modetssrown: two consist of isothermal SEDs
with eithers = 1 or 5 = 2, and various dust temperatures; the third is a two-compd3EeD with

£ = 2, warm dust temperaturé,, = 30K, with a cold/hot dust ratio of 100. Each model is
given a range of (cold) dust temperatures; the dots alongjries indicate 1K increments from
10K (lower left) to 30 K. Choosing a single component modehwi = 2 leads to a range of
temperatures between 13 and 22 K.

a constant value off across all the bins. | choose a value of 2.0, which has been

1| Jamest al

shown to be realistic in this frequency range ( Dunne &%
002: \n 2003: Lee 004: Hill
etal. € 09). For comparison, tha¢X Collaboration

found an average value gf= 1.8 + 0.1 by fitting SEDs to data at 12n—21 cm from
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across the Milky Way.(Planck Collaboratiehalll2011e; also references therﬁn).

Under the assumption of a constahf{whatever its value) the dust temperatures im-
plied by Figurd 3B take a wide range of values across theuwsitins (between 11
and 22 K forg = 2). This is not just random scatter; red galaxies tend towenttter
temperatures than blue and green, while blue galaxies ire gedshift bins show a
trend towards lower temperatures at brightér. For the purposes df—corrections, |
can estimate the temperature more accurately by fittingogety SED models to the
three data points at the emitted frequencies given by thereed frequency scaled by
1 + z, using the median redshift in the iHrin general one must be careful when us-
ing stacked fluxes in this way to examine the SED, since whaakistg many galaxies
with different SEDs, the ratios between the stacked fluxaeaunpredictable and not
representative of the individual galaxy SEDs. In this cas&dver one can be fairly
confident of the results because the galaxies are binneccmaway that the SEDs
within each bin should be similar, and so inferred dust teepees and other derived

parameters should be accurate.

The best-fit temperatures range betwéen- 28 K, with a median value of 18.5K.
Using 3 = 1.5 instead, the temperatures are increased by a facor 1.6, ranging
from 13 — 46 K with a median of 23.0 K. This median value compares readgmvedl|

with temperatures derived from single-component fits inliteeature. For example,

Dye et all (2010) derived a median isothermal temperature of 26 K=(1.5) for the

detected population in the H-ATLAS science demonstratiatadin agreement with

the BLAST sample of Dyet all (2009). The value of 26 K is within the range of the

temperatures using = 1.5, and only slightly higher than the median. Higher temper-

atures were found hy Hwared all (2010Db) in their PEP/HerMES/SDSS sample of 190

local galaxies: they reported median temperatures rissrfgraction of IR luminosity,

from around 26 K att0° L, to 32K at10'' L, and 40K atl0*? L, (3 = 1.5). These

5A further issue with fitting SEDs is thamay vary with frequency. For example Paradis, Bernard &

Mény J) analysed data on the Milky Way from 14 to 3.2 mm and showed th&twas generally
steeper at00 — 240 pm than550 — 2100 pm. This is an effect that one cannot take any account of with-
out many more photometric points on the SED, but it could lsaree effect on the fitted temperatures

and therefore luminosities.
5The temperature fits and trends mentioned here, as well gsoa@ytial biases, are discussed further

in Sectio3.51.
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temperatures may be higher becm required a detection shortward of
the SED peak (i.e. in aAKARFFIS orlIRASband) for galaxies to be included in their

sample. Fitting a single greybody to an SED which contairt faocold £ 20 K)

and a warm £ 30 K) component s 2001) may give results that ate no

comparable to these, which fit only the cold component. Onother hand, Smith

et al. 2) fitted greybodies with = 1.5 to the H-ATLAS 250um-selected sam-

ple of low redshift galaxies matched to SDSS, and found a ametémperature of

25.9 + 1.2 K, and unlike. Hwanget all they found no evidence for a correlation with

luminosity.

The [Planck Collaboratioet all (2011b) compiled a sample of around 1700 local

galaxies by matching thBlanck Early Release Compact Source Catalogue and the
Imperial IRAS Faint Source Redshift Catalogue, and fitted SEDs to datadesstw
60 — 850 um using both single-component fits with variakile and dual-component
fits with fixed 5 = 2. In their single-component fits they found a wide range of-tem
peratures {5 — 50 K) with median7T = 26.3 K and medians = 1.2. This median
temperature is consistent with thierscheland BLAST results, and the low value of

G is likely to be due to the inclusion of shorter wavelengthadathe authors state
that the two-component fit is statistically favoured in moases; these fits indicate
cold dust temperatures mostly betweer 0 — 22K, consistent with the range in the

current data.

In any case one does not necessarily expect to find the sarhéedyseratures in an
optically-selected sample as in a sub-mm-selected sanfde.the purposes of—
corrections this is relatively unimportant, at least at lthe redshifts covered in this
work. The choice between coldhigh 5 and hotT'/low 5 makes very little difference

to monochromatic luminosities, as crucially they both fe ttata. Likewise theange

of temperatures has little effect ér-corrections: using the median fitted temperature
of 18.5K in all bins gives essentially the same results asusieg the temperature
fitted to each bin separately. To remove the effect of theatian between models,

| carry out all analysis of monochromatic luminosities gsthe median temperature
of Tyust = 18.5K and = 2.0 to derivek—corrections using equatiof(B.5), except

where stated otherwise. The implications of the fitted SED#e physical properties
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of galaxies in the sample will be discussed in Sediioh 3.Est Fiwill concentrate on
the observational results of the stacking which are not oiéget on the model used to

interpret the sub-mm fluxes.

3.4.5 Luminosity Evolution

To calculate stacked luminosities | first convert each meakstlux to a luminosity

and then stack the results. The error on the stacked valgmis ealculated using the

Gott et all (2001) method. Note that this method is not the same as agileglthe
luminosity from the median flux and median redshift of eaam Bince luminosity is

a bivariate function of both flux and redshift. Fluxes of sm# in the red bin are
corrected for the fractional contributions from lensingegi in Tabld311, as explained
in Section[3.4P. The &-errors on these corrections are included in the luminosity
errors. Results in Figuie 3.9 show a generally strong catiogl between luminosities
in ther-band and all three sub-mm bands, as is the expected treoskasuch a broad
range, but the dependence is notddpalone. This becomes obvious when comparing
the data points with the grey line, which shows the lineastlasguares fit to the results
from the lowest-redshift blue galaxies (the line is the sameach panel from left to
right). In the blue galaxies, there may be a slight flatterahthe correlation for the
brightest galaxies and/or the higher redshifts, but thisceéfis much stronger in the
green galaxies, which are intermediate between the blueeghsamples. For the red
galaxies the correlation disappears entirely but for tivgéat bin at low redshift. The
luminosities of the red galaxies all lie below the grey lisBpwing that red galaxies
emit less in the sub-mm than blue or green galaxies of the sdmsetrongly suggest-
ing that they are dominated by a more passive populationghesn and blue galaxies.

These trends are greater than the uncertainties on thedposirection.

Apart from this colour dependence there is also a significarease in sub-mm lu-
minosity with redshift for green and red galaxies of the sarband luminosity. This

evolution appears to occur at all,, without being particularly stronger for either
bright or faint galaxies, but it is especially strong for galaxies. This may indicate a
transition in the make-up of the red population, with obedUsFGs gradually becom-

ing more dominant over the passive population as redstufeases. Such a scenario
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Figure 3.9: Stacked SPIRE luminosities as a functioryef r colour, redshift and absolute magni-
tude)M,.. Layout as in FigurEZ317. Error bars are the statistieagrrors in the bins as described in
Sectio3.3B. Fluxes in the red bin have been correctethédensing contribution as described in
SectiorZ3.ZR, and error bars include the associated @itsrtThe thick grey line is the same from
left to right, and is the linear least-squares fit to the rsdol the lowest-redshift blue galaxies.

might be expected as we look back to earlier times towardpéad of the univer-

sal star-formation history. This possibility might be &bty looking for a change

in the shape of the UV-optical SED. Colour-colour diagresssuch as the rest-frame

UV J diagram effectively separate quiescent and star-formaigxaes, breaking the

degeneracy between intrinsic colour and dust redde

00¢

nbidvs et al

). Spec-

troscopic indices such as the the strength of the AObak and the Balmer lines

of hydrogen are also good indicators of young stellar pdpria

Bruzual A

19

3).

However, one might expect an increase in obscured star fmmi® be accompanied



108 The Sub-mm SEDs of Ordinary Galaxies at Low Redshift

by an increase in the dust temperatures at higher redstuifta;hich there is no evi-

dence in the SPIRE colours (Sectlan34.4).

Meanwhile the green sample shows similarities with the blulew redshift and low
r-band luminosity, but at high redshifts and stellar masiseduminosity dependence
on M. is flatter and more similar to that of red galaxies. This cdugddue to a shift
in the dominant population of the green bin, between bloerdilike galaxies and red-

sequence-like galaxies at different redshifts and

3.4.5.1 UV-Optical Versus Optical Colours

Splitting the sample by th& UV — r colour index provides a slightly different sam-
pling regime and reduces contamination between the cologridecause the red and
blue populations are better separated (see Selciiond 312 erefore offers a useful
test of the robustness of the results of stacking by-. Figure[3.ID shows that stacked
250pm luminosities follow the same trends with colour, redshiitid/,. as in they —r
stacks (350 and 50@m results are similar). Luminosities in the rédJ/V — r bins
(at the lowest redshifts at least) are lower than in thegredr bins, suggesting that
the two samples are not identical, and that MdV" — r colours may provide a purer
sampling of the red sequence. However, the luminositieb®féd sample in either
NUV —r or g — r are still much lower than those in the blue or green sampla (at

given M,), indicating that both red bins are dominated by passivexies at: < 0.35.

Errors are slightly larger in the red bins of th&/V — r sample, because the sample
is limited to the 52,773 galaxies with UV detections. Since results appear to be
independent of the colour index used, | opt to use the moregktzpr-limited sample

of 86,208 sources with — r colours for all subsequent analysis.

3.4.5.2 Stellar Mass Versus Absolute Magnitude

An alternative to dividing the sample by, is to use the stellar masses which were cal-

culated from the GAMAugriz photometry by Tayloet all (2011) assumingla Chabrier

003) IMF. Stellar mass is a simple physical property ofghkaxy so may reveal more

about intrinsic dependencies; on the other hand it depenats more on the models
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Figure 3.10: Stacked 25@m luminosities as a function aNUV — r colour, redshift andV,..
Error bars are the statisticab errors in the bins as described in Secfion3.3.3. Data awdsanr
the red bin incorporate the correction for lensing. Thektlgiey line is the same from left to right,
and is the linear least-squares fit to the results for thedtwnedshift blue galaxies.

used to fit the optical SED thal,., which is only subject to a smatt-correction and

the assumed cosmology (for a given redshift). Relativersrom stellar masses are

dominated by systematics, but are smalll¢g M, ~ 0.1; Tayloret al.l2011). | con-

firmed that the results are robust to these errors by reggalimanalysis after making
random perturbations to the stellar masses, where the bigach perturbation was
drawn from a Gaussian distribution with width= A log M,. No results were sys-
tematically affected by these perturbations, and randowatiens in stacked values

were smaller than the error bars.

Figure[3TIL shows that the results of stackinggby » colour and stellar mass differ
slightly from the results of stacking by/, (Figure[3®). Again | found very little
difference from these results when | stackedMy/ V' — r colour and stellar mass.
The results of stacking by mass seem to differ most in the bine Whereas there
was little luminosity evolution at fixed/,, these results show evolution at fixed stellar
mass. Furthermore this evolution is dependent on stellasnsaiggesting that smaller
galaxies tend to evolve more rapidly. The samples in FigB@ésnd 3.1l are slightly
different since stellar masses were only available for 90cpat of the full sample;
however this is not responsible for the discrepancy singeatng the stacking by!,
with the stellar-mass sample gives identical results (te#as-mass incompleteness
does not vary between bins). The difference arises becdusoes not directly trace

stellar mass, which leads to a mixing of galaxies of différaasses within a giveh/,
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Figure 3.11: Stacked SPIRE luminosities as a functioryof r colour, redshift and stellar mass.
Error bars are the statistica errors in the bins as described in Secfion3.3.3. Data adsain
the red bin incorporate the correction for lensing. Thektlgiey line is the same from left to right,
and is the linear least-squares fit to the results for thedtnadshift blue galaxies.

bin. This is unavoidable since the sample must be split ieethvays (colour, redshift
and mass/magnitude), because dust luminosity variesgiyras a function of all of
these. | split the sample by colour first, then by redshift Aindlly divide into mass
or magnitude bins, but each bin can still contain a relagibebad range of redshifts.
Within each bin there will be a strong correlation betweedshaft and)M,., simply

becausé\/, is a strong function of distance. In Figure3.12, | plot stethass against
M, with the points colour-coded by redshift, showing that refts increase steadily
from left to right, with decreasing/,. A narrow range inV/, would select a narrow

range of redshifts, while a similarly narrow range in massae a much broader range
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of redshifts.

The effect of this on the blue bins in Figulles]3.9 &nd13.10 snaléncy for the data
points of different redshift bins to lie along the same iielabf L,5, as a function of

M,. The degeneracy is (partially) broken when splitting bylatenass, thus separat-
ing out the trends with redshift and with mass in Figure BTHis effect is much less
noticeable in the red bin simply because the redshift eimius much stronger while

the mass dependency is very weak in the red sample.

Redshift

Figure 3.12: Stellar masses of the sample as a function of absolute nuaigné&nd coloured by
redshift, showing the degeneracy betwédn andz resulting from an-band selection. To guide
the eye, the slope of the grey line indicates direct propodiity between mass and luminosity, i.e.
logyg My, = —0.4M, + C (for this lineC' = 1.0). The spread in the data perpendicular to this
line reveals the broad range of mass-to-light ratios wrsalkesponsible for the differences between
stacking byM,. and by M,

3.5 Discussion

3.5.1 Dust Temperatures and SED Fitting

In Section 3. 41 | stated that assumptions about the dustdeature and had neg-
ligible effect on thek—corrections to SPIRE fluxes at these low redshifts. Hence |
chose to use the same SED model to compute monochromaticdsities, assuming
a single-component greybody wifhy,s = 18.5K and 5 = 2.0. However, in order to

infer properties of the full IR SED, these consideratioressrauch more important.

| fitted single-component SEDs with = 2.0 to the stacked SPIRE fluxes in each
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Figure 3.13: Results of fitting single-component greybodies witk= 2.0 to the observed (ndi—
corrected) fluxes in each bin to estimate dust temperatBheses in the red bin were corrected for
lensing before fitting. Error bars are the errors on fitted temperatures computedM®FITFUN.

bin, shifting the observed wavelengths pbly+ z) using the median redshift in the
corresponding bin. Fluxes in the red bin were first corretbedhe predicted lensing
contamination as described in Sectlon3.4.2. The effechisfis to increase the fit-
ted temperatures in the red bin by arounéd 3 K, which is small compared with the
range of temperatures observed, although the errors oretamopes are significantly
increased. The fitting was carried out using the IDL routtrrITFUN/ which per-
forms Levenberg-Marquardt least-squares fitting to a gerienction. Best-fit values
of the free parameters (temperature, normalisation) auened with formallo errors
computed from the covariance matrix. Some examples of theaffé plotted in Ap-
pendix[T, showing a range of fitted temperatures. The detmegberatures depend
on the assumption of a fixed emissivity parametét (Varying this as a function of
optical colour and/or stellar mass could to some extentwadctor the variation in
sub-mm colours, which | interpret as a temperature vanatidowever, the variation
in 6 would need to be severd\( > 1) to fully account for the trends in the stacked
colours in Figurd_318. It therefore seems likely that theseaior these variations is

either temperature alone or a combinatiorpa&nd temperature.

Figure[3.IB shows the results of all the temperature fits aseibn of colour, stellar
mass and redshift. There are strong deviations in some twnsthe value that | have

been using, and these show strong dependence on colouredlad siass. In the blue

"MPFITFUN available from Craig Markwardt's IDL library:

http://cow.physics.wisc.edu/ ~ craigm/idl/idl.html
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bin, dust temperature is tightly correlated with stellarssan all redshift bins, with a
peak at around x 10'° M, but galaxies of higher masses appear to have colder dust.
The temperature distribution in the the green bin is les$ eoeielated and very noisy,
but again there is evidence that the warmest galaxies ara@rdsvthe middle of the
mass range. There is no clear evolution with redshift. A&whe luminosity results,
the red bin appears very different from the other two, andetieno evidence for the
temperature to increase with stellar mass. The most impineault would seem to be
that temperatures are generally much lower in the red treabltle bins. Over the mass
range in which the bins overlap & 10° < M, < 3 x 10*!), the mean (standard devia-
tion) of the temperatures in the blue bins is 23.0 (2.6) K, parad with 19.5 (3.1) K in
the green and 16.2(2.8) K in the red. The difference in thetmesastatistically signif-
icant, since an unpaireetest gives a probability af0~'? that the means of the red and
blue bins are the same. Th¢est assumes that the errors on each of the measurements
are independent, but this is not true since the errors ondthestacks are dominated
by the error on the lensing correction. The mean tempera&uog of the red stacks
is 2.8 K, which means that, including the lensing uncenaitite blue and red mean
temperatures are only different at theo level. The incidence of colder dust in red-
der galaxies may be explained by the relationship betweshtdmperature and the
intensity of the interstellar radiation field (ISRF). Thdaar temperature of the ISRF
is directly related to the stellar population. Old starsduee less UV flux, and so
heat the dust less, which causes galaxies dominated bysikisrto have cooler dust.
Such a temperature differential is therefore consistettt thie notion of red galaxies
being passive. Meanwhile, colder dust temperatures inethst Imassive blue galax-
ies is consistent with these galaxies having more extendstidisks in comparison
with their stellar disks, since the ISRF becomes weakerestgr galactocentric radii.

Evidence for an extended dust disk in at least one low masemyisas been reported

bylHolwerdaet al _ZODJ)), although larger samples would be needed to judgéhehe

this is a widespread phenomenon.

It is possible when fitting the SPIRE bands that the SED shapédde biased by
differential effects between the three bands. In particthe@ 500um band is the
most affected by confusion and blending, as well as beinghtiisiest, and is also

potentially subject to contamination from other emissicgchanisms, including syn-
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chrotron from within the galaxies, and extended radiattomfthe Sunyaev-Zel'dovich
effect in galaxy clusters (although the latter should haaenremoved in background
subtraction). To check for such bias, | also tried fittingyathle 250 and 350m data,

and found that the derived temperatures and trends weregmificantly different.

| also tried removing all potentially blended sources frém stacks to test for any bias
caused by differential blending. The assumption made ineteling is that blended
flux is shared equally between the blended sources, in trenabf any knowledge
of their true flux ratio. As noted in Appendix]A, there is no i@ the average or
median flux as a result of this assumption, but the indivifluaks of blended sources
will not be correct in cases where the intrinsic flux ratiodsetn the blended sources is
large. In such cases, the faint source is always over-etgthaad the bright one always
under-estimated; it is therefore possible for stacked Hurxdins containing many faint
sources to be systematically high, and those in bins withyrbaight sources to be too
low. The problem worsens with increasing wavelength (asaltef the larger beam
size), which means that the temperatures of bins with faihuges (i.e. red galaxies
and low-mass galaxies) could appear to be colder than tladly mere. | repeated the
stacking after removing all blends (any GAMA source withthécsec of another) in
order to test whether this could account for the trends sedfigure[3.IB. This re-
duced the catalogue size by about a third, so errors were@gaestly increased; how-
ever there was no systematic difference in the temperaturéghe trends remained
significant, so it appears that these results (and the méssedepend on them) are

not biased by any blending effects.

3.5.1.1 Bolometric Luminosities

It can be useful to consider the total IR luminositigg (8 — 1000 um) of galaxies as

this allows some comparison between observations at eifféR wavelengths and be-
tween data and the predictions of models. In all cases th#lemaking assumptions
about the shape of the SED, which must be interpolated — atekthextrapolated —
from the limited photometric data available. In this partés case we are limited to
just three SPIRE bands, all of which lie longward of the peathe SED and as such
do little to constrain the warmer end of the SED\af 100 ym. This is why they are
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well fitted by single-component SEDs, representing a singfaponent of cold dust.
In contrast, the TIR luminosity is highly sensitive to ennissfrom the hotter compo-
nents of dust, especially the 30 K dust associated with iHregions, which is heated

by UV radiation from hot young stars.

Bearing in mind these limitations, | nevertheless considaeseful to make some at-
tempt at estimating the TIR luminosities representativihefstacked samples. Since
the sample is thought to be dominated by normal star-forrmmyquiescent galaxies,
one must choose an appropriate IR SED template. A commoaely st of templates
is that of_lChary & Elbaz|(2001; hereaftleLC_Em). These tetaplare based on li-
braries of mid- and far-IR templates representing a randggd types (from normal

spirals to ULIRGS) fitted to data orn 100 local galaxies at 6.7, 12, 15, 25, 60, 100

and 85umH From these | select the most appropriate template for eaadk &ty
computing chi-squared between each of the templates amdsti&rame (lensing cor-
rected) SPIRE luminosities, and assign to each stacktfgeof the template with the
minimum chi-squared. Results are shown in Fidurel3.14(ajor& on Ltirwere es-
timated with Monte-Carlo simulations using the errors on the SPIRE luminosities

and re-fitting the templates 200 times to obtain theerror bar on the templaterr.

ThelCEOI templates are of limited value for this sample beedbey are fitted to
IRASand SCUBA data for a relatively small sample of local galaxi€he necessity
for IRASdetections means that the galaxies in their sample may heare lliased to-

wards hotter SEDs, and may not be representative of therlpagrilation sampled in

this work. As an alternative one can compare the resultsiofjubel CEO1 templates

with a set of templates modelled on the H-ATLAS SDP sourcelogtie (Smitret al

012a). There is a danger that the opposite bias is active kerce the templates

are based on sources selected at;250 which are more likely to have cold SEDs.

However, by comparing the H-ATLAE,5, LF from|D11 with the range of.»5, of op-

tical galaxies (Figurds—3.B=3]11) we see that the lumipoaitges spanned by the two
surveys are remarkably similar, implying that the SEDs oAH-AS sources could

provide a reasonable representation of an optically ssdesample. | use a single

template based on the mean of all H-ATLAS SED models M&mm] 0124).

| — |
Ek;lﬂli templates were obtained frimtip://www.its.caltech.edu/ ~rchary/
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In Figure[3.IH(b) | show the results of fitting this templaiahe stacked SPIRE lumi-
nosities, minimising chi-squared to obtain the correctmadrsation and integrating the

SED from 8-100Q:m to obtainLtr (errors were estimated from Monte-Carlo simu-

lations using thé o errors on the SPIRE luminosities in the same way as fo CEO

templates).

The results of the two sets of templates are strikingly d#ife, with the CEQ1 models
suggesting significantly higher luminosities, reachinglgvel of “luminous IR galax-
ies” (LIRGs; Ltr > 10 Lg) atz > 0.22 or M, > 2 x 10 M. The H-ATLAS
templates are much colder so give much more moderate luitigsysvith around five
times lower bolometric luminosity for the sanmigs,. With only the SPIRE data to
constrain the SED | cannot conclusively say that either Seroplates is better suited
to describing the optical sample, although for the reasatisyed above | believe that
the H-ATLAS templates are more likely to be suitable. Theithold of data points
at shorter wavelengths, from PACS in the FIR WtSEin the MIR, would permit a
much more accurate derivation of the bolometric lumingditgave this for a future

study.

Both parts of Figur€3.14 show trends in the bolometric lwmsities that are similar
to those seen in the monochromatic SPIRE luminosities. iBhatsay there is a clear
evolution with redshift and that this is much stronger in tee than the blue sample.
One can quantify this evolution in the forfi{z) o« (1+z)” for the mass range in which
the bins overlap. I fit this function in log-space by chi-sggehminimisation, using the
IDL routine LINFIT to fit the bins which fall in the mass rangé, = 1—5x 10 M. |
find thatLrgr from the H-ATLAS SEDs evolves with = 4.3+ 0.2 in the blue sample;
~ = 3.7 £ 0.3 in the green; and = 6.1 + 1.0 in the red. The same evolution is
also seen in.y5(2) in the same mass bins: this is describedyby 4.2 £+ 0.2 (blue);

v = 3.5+ 0.5 (green); andy = 7.2 + 1.5 (red). It appears counter-intuitive that
the intermediate green bin should show the least evolufitve. likely reason for this
is the aforementioned possibility for the green sample tberdifferent populations
at different redshifts (see Sectidns_314.5 And B.4.1). Agy ef genuine luminosity
evolution would be counteracted by sampling a less lumirpmmulation (e.g. with

more passive red sequence galaxies in the green bin) atrmegtshifts. | note however
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Figure 3.14: Integratedl 1) and (b) H-ATLAS (Smith
etal. ) templates fitted to the stacked SPIRE luminositieadh bin as described in the text.
Error bars ard o errors estimated from Monte-Carlo simulations usingltherrors on the SPIRE
luminosities. Fluxes in the red bin have been correctedieténsing contribution as described in
Sectio 3R, and error bars include the associated wicgrtNote that in panel (a) the first point
in the blue sample (i.e. lowest mass, lowest redshift bid)®RIRE luminosities that fall below all
of the CEO1 templates, and so the luminosity of the faintsipiate is used as an upper limit.

that any evolution in the sub-mm SED of any of these samplie® (lgreen or red)

would render these single template fits unreliable.

The evolution inLyr of normal galaxies was also observed by Oligeal. (20104) for

a large sample selected in the optical and NIR with redshétaieer) — 2. Dividing

their sample by redshift, stellar mass and optical classh(earived from broadband

SED fitting oflRowan-Robinsoat al ZO_O_EL) they stacked into 70 and 16th Spitzer

images and showed that both “blue” galaxies (with spitd-BEDs) and “red” galax-
ies (with elliptical-like SEDs) increased in specific IR lumosity (i.e. Ltr/M,) as

a function of redshift. The evolution in specific IR lumintysof all galaxies in their
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sample increased &s + 2)*4%%2 (independent of stellar mass), which is nearly iden-
tical to the result for blue galaxies in the current sampléneWthey split the sample
into red and blue colours, they also found that red galaxves$ved more strongly,
with an index5.7 + 2.5, which is consistent with the index1 + 1.0 in this sample.
Their blue sub-sample evolved with the index + 0.3 compared witht.3 £+ 0.2 in
this sample. The agreement is not exact but general trerttisredshift and colour
are certainly compatible between the two samples. Assumiogrrelation between
IR luminosity and SFR (e. cL_KennLc“m_lQ_JSa) one can alswdrarallels with other
Spitzerstacking (such &s Magzzﬁf alli2009; Dameret all2009b,a) as well as radio-
stacking studies (Dunnet all 1 Pannellet al ZOQJ) Karimet all2011), all of

which have shown similar dependence of (specific) SFR otastelass and redshift

o

in NIR-selected massive galaxies covering larger redsiftjes (up ta ~ 3). These
studies have variously reported redshift evolution in §geSFR with indices{) rang-
ing from 3.4 to 5.0, all comparable with the luminosity ewadn of blue galaxies in
the current sample. It is unsurprising that the blue samgfetally agrees with other
samples selected by rest-frame optical light with no regardolour, since the blue
selection is by far the largest of the colour bins, compg$0 per cent of the whole

sample.

It is well reported in the literature that there is stronglation in the IR LF out to

'M@mm m;

requires an increase in the luminosity of the brightest ;) galaxies, leading to
an increase in the numbers of LIRGs and ULIRGs at higher r&dsiThese results
show that evolution occurs at low redshifts in ordinary geda well below the LIRG

threshold; these are the galaxies that dominate the nungositg. Such an evolution
in the IR luminosities of all galaxies leads naturally to &olation in the characteristic

luminosity L*. Exactly this sort of evolution in normal (i.e. non-mergjrigFGs is

predicted by the semi-analytic model of Hopketsall (2010), essentially as a result of

an evolving gas fraction and using the Schmidt-Kennicuwit ' b). D11

also show that an evolving gas fraction is required to erplae luminosity evolution

in the H-ATLAS sample, based on the chemical evolution mod€&omez, H.L.et
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al. (in preparation).

3.5.2 The Cosmic Spectral Energy Distribution

Having discussed evolution in the IR luminosity density loé tUniverse, it is natural
to consider the local luminosity density (at= 0), since this provides a reference
point for similar measurements at higher redshifts. In i8ad8.4.3 | calculated the
integrated intensity of low redshift galaxies and showeat they contribute a small
fraction of the CIB at sub-mm wavelengths. Building on tl@sult, one can estimate
the z = 0 cosmic SED at sub-mm wavelengths, i.e. the integrated lositiy of all
galaxies at: = 0. To do this | make use of the completeness-corrected irtesgjra
intensities in the range.01 < z < 0.12 in Table[32, but apply:- ande-corrections
to account for the redshifted wavelengths and luminosithgion respectively. | di-
vide by the comoving volume of the redshift bivi.] to obtain the luminosity per unit
comoving volume,

f(j)z % e(2), (3.6)
wherel, isinWm=—2sr ' Hz !, d; isinm,V_isin Mpc?, and the luminosity L, is ex-

pressed in units oV Hz ! Mpc ™ hyg (hrg = Hy/70kms™ Mpc ). Note that while

vL, = 47Td% vl,

V. = 0.523 Gpc® represents the total comoving volume of the kin= 382.5 Mpc is
the luminosity distance of the median redshift in the i), = 0.084. | use the me-
dian values of:(z)/(1 + z) for this redshift bin: 0.8094 (250m), 0.7586 (35Q:m),
and 0.7259 (50Qm); and for the evolution at all sub-mm wavelengths | take the fi
ted functionZos0(z) o (1 + z)” from Sectior 3511, assuming that the shape of the
rest-frame SED does not evolve with redshift (which is sufgzbby the non-evolving
temperature results). | assume= 4.2 + 0.2, the value derived for the blue sample,
since these represent roughly half of all galaxies; theusian for all galaxies may be
slightly stronger (red galaxies seem to evolve more stigrdthough the green sample
evolve less) but an index around 4 is consistent with othailtgin the literature (see
discussion in Sectidn 3.%.1). The evolution frem:= 0 — 0.084 (the median redshift of
the bin) is therefore a factdt +0.084)*? = 1.38, hence the correction igz) = 0.72.

| thus calculate the luminosities of the cosmic SED at 0to be3.9+0.3x 1033, 1.5+
0.1x10% and4.340.3 x 1032 W Hz~! Mpc 2 hy, at 250, 350 and 500m respectively.
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Errors are dominated by the 7 per cent calibration error erStRIRE fluxes, which is

correlated across the three bands. These results agreeluse}y with the sub-mm

luminosities predicted from GAMA data hy Drivest all (2012), by calculating the

total energy absorbed by dust in the UV-NIR and assumingn¢psocessed as FIR

emission with templates from Dale & He OLJ (2002). They asoallose to the pre-

Herschelera prediction o|f_S_QLj_aa.m_&_i:La.LLi50|n_(ﬂ)05), based on riodethe SEDs

of IRAS sources with SCUBA sub-mm measurements. Using exqu&t) of that
paper, the predicted luminosities at 250, 350 and;a0@re4.52 x 1033, 1.43 x 1033

and3.48 x 103 WHz ! Mpc—2 hy, respectively. The measurements from this study
are within3c of these values, although they arguably suggest that thee 36 the
cosmic SED may be a little shallower than the prediction. sEhmeasurements are
independent of the SEDs and temperatures assumed (sHoogrections are small)

and of the lensing assumptions (the lensed flux is negligibie< 0.1).

3.5.3 Evolution of Dust Masses

Dust mass is a quantity which one can expect to constrain rack accurately than

Ltr using the SPIRE luminosities, because the cold componenttiiey trace is

thought to dominate the total dust mass (Dunne & Eales 20@lreferences therein).

| therefore estimate the mass of the cold dust componentideddy the greybody fits
and use this as a proxy for the total dust mass, assumingriatarmer components

have a negligible contribution to the mass.

The dust mass as a function of temperafliyg; is estimated from the 250m flux:

5250 DE ]{3(2)

Mayst= :
dust K250 B(l/250, Tdust) (1 + Z)

(3.7)

| use a dust mass absorption coefficient at 2800f k25 = 0.89 m?kg ™" ; and

references therein).

Dust mass results depend strongly on the temperatures adgalthough not as strongly
as the bolometric luminosities). They are therefore sulifethe assumption of con-
stant emissivity indexy), as well as the assumption of a constant absorption coeffi-
cient (). Any variation ofx with redshift, stellar mass, optical colour or indeed with

dust temperature or dust mass itself could alter the apptaesrds in dust mass.
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Figure 3.15: Stacked dust mass as a functiongof r colour, redshift and stellar mass. Dust
mass is derived from equatiof{B.7) using the fitted dust esatpres from FigurEZ313. Error
bars include the statisticab errors in the bins as described in Secfion-3.3.3, with antiacail
contribution due to the error on the fitted temperature. Enegihg contribution has been removed
from the red bins, and error bars include the associatedriaitty. The shaded region shows the
range of characteristic dust masses measuréd by D11, wiobredrom3.8 x 107 Mg atz < 0.1
t02.2 x 10°Mg, atz ~ 0.35.

In Figure[3.Ib | show the dust masses derived using the fidtegeratures from Fig-
ure[3IB. The dust mass is seen to range from ar@urnd 0° to 8 x 107 M, across
the sample. In all bins dust and stellar mass are correl&tgdthis may weaken
slightly with increasing redshift and/or stellar mass. fEhis a definite evolution to-
wards higher dust masses with increasing redshift. Foligwie evolutionary form
Myus(z) o (1 + 2)7 | fit data in the rangeM, = 1 — 5 x 10! M, with slopes of
v = 3.7 £ 1.7 for the blue sampley = 6.8 4+ 3.9 for the green; and = 0.8 + 5.0
for the red. The slopes of the evolution are thus consistdiht tive evolution in lu-
minosities (as might be expected from the lack of evolutiotemperature). It is not
possible to tell whether there is evolution in the dust masdeed galaxies, despite a
significant detection of evolution in their luminositiesh& reason for this is that the
uncertainty of the lensing contribution increases the ttagdy in the fitted tempera-
tures. If | assume that dust temperatures of the red sampi@tdevolve (as they do
not for the blue and green samples) then the evolving luntisesmust result from
dust mass evolution. However, this may not be a valid assomgtthe composition

of the red sample changes with redshift.

If one ignores the highest redshift red bin, which has thgdsirerrors due to lensing,

then the results seem to suggest that the difference in dass imetween the red and
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blue galaxies is weaker than the difference in luminosdyd given stellar mass and
redshift. The dependence of luminosity on colour therefgmeears to be driven more
by the temperature than the mass of the dust. | note that #airee temperatures were
used in deriving the dust mass in every bin then the dust rmagseald be directly
proportional toLss, and would follow the trends seen in Figure—3.11. This shows
the vital importance of having photometry at multiple psiatong the SED, without
which it would be impossible to constrain the SED shape afetences about dust

mass evolution would have to assume a constant temperature.

Significantly, this analysis suggests that the cold dustsemef red and blue galaxies
are not strikingly discrepant in the stellar mass rangd x 10'° — 2 x 10! M.
Previous studies fitting two-component dust models to nbspaal galaxies in the

local Universe have derived rangesaifid dust masses comparable to this sample:

3x10°—1x10® (Popesciet all2002);2 x 107 —1 x 10° (Stevens, Amure & Gear 2005);

and4 x 10° — 6 x 107 M, (Vlahakis, Dunne & Ealés 2005). Dust masses measured

from fits to the cold dust in local ellipticals (which should &kin to the red bin of this

sample) are often a little lowe?:x 10° —2 x 10° {ILeeuwet all2004):4 x 10* —5x 107

Temi et all2004);2 x 10* — 2 x 10" M, (Savoy, Welch & Fich 2009). However,

both MLa.haIsis__D_uune_&_EalL“ (2005) and Stickel, Klaas & L n{RQ_OJ) reported

little or no significant difference in the typical dust massd# galaxies of different

Hubble types (including spheroidals, spirals and irregjaalthough Stickekt al.
reported that spheroidal and irregular types reachedfaigntly lower dust masses.
One particular issue noted by Vlahalkisal. was the possibility of contamination of
their 850um fluxes with synchrotron emission, which would lead them teregtimate

a few of their dust masses. | note the caveat that in contwatstet current unbiased
sample, the references in this paragraph were studies nidodl galaxies selected
variously withIRASor ISOPHOT in the FIR, or SCUBA in the sub-mm, so the range of

dust masses sampled would not have been complete (with¢keton of the optically

selected sample of Popesetall2002).

—1

Popescuet al. (2002) observed colder dust later Hubble types (which might be

expected to be the bluest galaxies). Their sample of spivaldd probably reside

entirely within the blue bin in the current sample, so suaiead would not be apparent



The Sub-mm SEDs of Ordinary Galaxies at Low Redshift 123

between the colour bins if it does not extend beyond the blmedc However, there
is a correlation between Hubble type and mass; later types loaver stellar masses,
so the observation of a strong correlation between steléasrand dust temperature in

blue galaxies is entirely consistent with the findings of &muet al.

Meanwhile, results from thelerschelReference Survey (HRS; Bosedit alli2010a)
indicate that early type galaxies (E+S0+S0a) detectdddrgcheln a volume-limited

sample of the local Universe have dust masses in the rarde® —2 x 10” M., (Smith

et al.2012b) — although they only detected 34 per cent of ellifgiead 61 per cent

of SO’s. Their sample hav& UV — r colours that place them in the “red” bin of my
sample, yet their dust masses are much lower than the tyghisalmasses that | find
for red galaxies. This is perhaps due in part to the highavel@temperatures of the
HRS sampleTy,st = 16 — 32 K; with a mean of 24 K in comparison with the mean
of 16.2 K for the red sample in the current data (both assuriirg 2). Smithet al.
concluded that the dust masses of SO’s were around 10 times tbhan those of the
HRS spirals, while those of ellipticals were 10 times lowgaia (for the same stellar

mass), which seems to contrast with the results presented he

Rowlandset al. (2012) studied early type galaxies detected in H-ATLAS amahtl

dust masses mostly betwe2rx 10" and2 x 108 M, with a mean dust mass similar

to that of spirals{.5 x 10" M). However, the stellar mass distributions of spirals and

early types were very different. ThEUV — r colours of the Rowlandst al. spi-
ral sample lie mostly within the blue bin, and the early typesstly within the green
bin. Their redshift range is similar to this study & 0.3), and the mean dust and
stellar masses of their spirals/early types lie within theuk of the blue/green bins in

Figure[3Ib. However, derived dust masses depend on thestatope assumed. The

cold dust temperatures fitted by Rowlaredsll range froml5 to 25 K, while the tem-

peratures in the blue/green samples for the same stella raage ¢ 10! M) are
betweenl5 and 28 K. The correspondence is not exact but the ranges are sigalar
average dust mass results should be comparable. For regedranging the tempera-
ture from 15 to 25K results in a drop in the derived dust masa factor 5, which is

similar to the range of dust masses across the redshift iarfigure[3.15. Rowlands
et al. (2012) compared their H-ATLAS-detected early types wittoatmol sample of
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undetected early-types selected to have a matching distrbof redshifts ana-band
magnitudes. They concluded that the detected early types uveisually dusty com-
pared with the control sample, and could be undergoing aitran from the blue cloud
to the red sequence. It seems likely that those objects azdhdomprise the top end
of the dust mass distribution (at a given stellar mass arshié}| although they do not
appear to be exceptional outliers when compared with theanetlist masses in this
sample. This is surprising when one considerslh.a.LRmLeDﬂifound the detected

early types to have around 10 times as much dust as typidgltgpes: why are they

not also outliers compared to typiced galaxies? The answer may be that typical red
galaxies are generally dustier than typical early typesjciwBupports the notion (as
discussed in earlier sections) that the red sample is caetbaf a mixture of different
populations. The red bin is likely to contain most of the ydype galaxies in the
sample volume, and if these are relatively dust-poor theretmust be a substantial
population of red dusty galaxies boosting the median dussesain the red bin. This
could also explain the discrepancy between the red sampleh@nHRS early types

Smithet alli2012b).

There is also the possibility of an environmental factorhie offset between the HRS
results and this study. Many of the galaxies in the HRS samgd®le in the Virgo
cluster, while most of the galaxies in GAMA will be in lower &ty environments.
The lower dust masses of HRS early types compared with GAMIAgedaxies could
be due to early types in clusters being dominated by passts@quence systems,
while red galaxies in lower density environments are madwelyito be dusty. Such a

division is indeed suggested by the higher detection ragandy types outside of Virgo

in HRS, compared to those insic ' 012b). It is however unclear whether

such an effect could be strong enough to fully explain therdigancy seen.

On the other hand, if the lensing contamination is slightBeder than | have predicted,
then the derived dust masses of the red sample could be anet;lbowever this is

only likely to affect the higher redshift bins due to the wéaksing efficiency at lower

redshifts. The Rowlandst all sample is less likely to be biased by strong lensing than

this sample is, because they excluded detections. The HREBg@re unlikely to be

biased by lensing because their fluxes were much higher tiearetl galaxies in this
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Figure 3.16: Stacked dust mass per unit stellar mass as a functign-of- colour, redshift and
stellar mass. Error bars include the statistitalerrors in the bins as described in Secfion3.3.3,
with an additional contribution due to the error on the fittehperature. The shaded region shows
the range frorh D11, frord x 103 atz < 0.1t07 x 103 atz ~ 0.35.

sample, and the low dust masses and high temperatures theg (telative to this

study) argue against their results being biased by lensing.

3.5.3.1 Dust-to-Stellar Mass Ratios

In Figure[3.1I6 | plot the ratio of dust to stellar mass acrbsssample, which shows
several interesting features. Firstly there is in genesdt@ng correlation with stellar
mass: the more massive galaxies have smaller dust-tesstediss ratios. The corre-
lation appears steeper for red galaxies of the highest massach redshift bin, but
this is not so obvious in the blue and green samples which tlceach to quite such
high stellar masses. Nevertheless it seems not unreasaiwabbserve that the most
massive red galaxies, many of which will be passively evagiant ellipticals, have
especially low dust-to-stellar mass ratios. The data feheadshift bin are plotted
in Figure[3.1V, highlighting the weak dependence on optioldur at a given stellar

mass (as discussed in the previous section).

It is worth pointing out the potential for a negative cortela between\/y,s/ M, and
M, to be produced artificially in binned data. This can occunére is a large range of
stellar masses with large errors, even when there is nolabare between\/y,s; and
M,, since a bin that selects data with lou, also selects those with highysy/ M, .

In general the slope of the measured correlation could extafl by this artificial
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Figure 3.17: The dependence of the dust/stellar mass ratio on stellas avad colour in each
redshift bin. Error bars are as in Figlre 3.16

phenomenon; however one can be sure in this case that this tiemreal because they

can also be discerned in the medidfy s values in Figuré 315, and in any case the

stellar mass errors are smal {og M, ~ 0.1; Tayloret al ).

The aforementioned redshift evolution is very apparentigufe[3.16, and although
one naturally selects higher stellar masses at higher ifed$te dust masses in the
sample rise more rapidly resulting in an increasing dusttétlar mass ratio with red-
shift. Using the(1 + z)” model once again | find that the evolution is consistent with
the slopes derived for the dust mass evolution. This evmiuti dust mass echoes the
results of D11, who found a strongly evolving dust mass flemoDMF) in H-ATLAS
sources up ta ~ 0.4, as well as results from other surveys reaching higher rigsh
Ealeset alli2009; Eale®t al.2010b; Gruppiont LRodighiereet all20104).
Using dust masses from SED fitting [ (IZEZa) D11 showed that the
characteristic dust masa/f ) of the H-ATLAS DMF increases from.8 x 10" M,

atz < 0.1 to around2.1 x 10° M, at z ~ 0.35 (although they note that this does not

measure the true evolution because there is an accompdallimgthe characteristic
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density¢*). This range is indicated by the shaded region in Figurel 3riall of the

bins, the typical dust masses reach lower than the minimuss rsampled in equiv-

alent redshift slices in t 11 DMF, but the fact that we sesugion indicates that
galaxies of a given stellar mass shift up the DMF at increpsalshifts. We can see
this happening in galaxies of all colours and stellar magsdgcating that the evolu-

tion in the DMF is the result of changing dust masses in athgjak, both passive and

star-forming. The evolution (around a fact¥ 4) is similar to that seen by Di11, who

fitted two-component dust masses temperatures using dediepduysically-motivated

SED model.

It is also interesting to compard s/ M, in these results with the detected H-ATLAS

galaxies in.D11. The H-ATLAS galaxies were found to have bigtust-to-stellar

mass ratios than predicted by models, ranging flom10—3 atz < 0.1to7 x 1073 at

z ~ 0.3 (this range is shaded in Figure_3.16). These results areaipiower but the
strong dependence on stellar mass means that they spanwigtemange; many of the
blue galaxies in the lower mass bins have much higher deaisinass ratios than the
H-ATLAS sample for the same redshifts. It is perhaps notssirg that this sample
contains a much wider range than the H-ATLAS sources sireselection criteria in
this study are independent of dust content. The dust/stalias results have implica-
tions for understanding the dust production mechanismshsw by comparing the re-
sults from a chemical evolution model with the parametetaiokd for the H-ATLAS
galaxies (Gomez, H. Let al.in preparation). The models (based on the framework in

5 2003) show that valuesidfy,sy/ M, > 1073 cannot be achieved

with a purely stellar source of dust. Even including dustdoiciion in supernovae
ejecta (e.g._Rhet al .Dunneet all2009a)] Matsuurat all2011;|Gomezt al

012b), models require the condensation efficiency in teetajto be close to 100 per

cent to reach the high values dfy,s/ M, ~ 1072 seen both in the H-ATLAS detected

sample and in the lowest-mass blue galaxies in this samptevekkr, as discussed

bylD11 and Gomeet al. (in preparation), such high dust yields from supernovae are

difficult to produce, leading to the invocation of alternatexplanations such as dust
grain growth in the ISML(Draine & Salpeter 1979; Dwek & S¢ Bﬂd}; Draing 1990;
Edmunds$ 2001) or a top-heavy IMF (e.g. Harayama, EisenfaMarting|2008). The

models also indicate that the low mass galaxies with i/, are less efficient
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at turning their gas into stars (compared to high mass sewvith low Mgyysi/M,). In
other words, low mass systems have a longer star formatiog+$icale, so although
they produce less dust mass per year from stars, there aeemaals and dust in the

ISM for longer, in comparison to massive galaxies (Gomteal. in preparation).

Moving on to higher redshifts, Santiet all (2010) showed that the dust/stellar mass
ratios of ordinary low-redshift galaxies are much lowernthihose of high-redshift
sub-mm galaxies (SMGs) from thiéerschelPEP survey. Thé/y,s/M, values from
stacking are consistent with their sample of low-redsipiftads from the SINGS survey

(with typical stellar masses ef 10! M.). Their dust masses were derived by fitting

GRASIL modelsi(Silvaet al 199&) to photometry spanning the FIR/sub-mm SED, and

are consistent with the value 6f= 2 that | have assumed. My results therefore support

the conclusion df Santirt all that high-redshift SMGs have much higher dust content

(by a factor~ 30) than local spiral galaxies. This offset is also consisteitih the
comparison between low-redshift H-ATLAS sources in D11 higgh-redshift SCUBA
SMGs inlDunne, Eales & Edmunds (2003). It has now become thadaithe SMGs

detected in early sub-mm surveys are exceptionally dustiesys in comparison with

the low-redshift galaxy population.

There is evidence that the dust/stellar mass ratio coe®laith the specific SFR

da Cunhaet all 2010;|Smithet all 2012a; Gomez, H.Let al. in preparation), so
these results imply that the least massive galaxies at Idshiét are the most actively
star-forming, and that all galaxies become more active tdsvaigher redshifts. At

z ~ 0.3, galaxies with2 x 10 M, of stars have the sam¥,s/M, as galaxies a
quarter of that size do at < 0.1, consistent with the picture of downsizing (see Sec-
tion[L.1.2).

3.5.4 Obscuration

A further step that one can take towards understanding thuenaf the galaxies is to
investigate the relative luminosities at UV and sub-mm Wawgths, which can give

information about the fraction of star-formation that isobred by dust in the galaxies

(e.g.lBuatet alll2010; Wijesingheet alli2011). The sub-mm luminosity represents the

energy absorbed and re-radiated by dust. Naively, one reijbect that this energy
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Figure 3.18: Stacked 25@m/NUV luminosity as a function ofNUV — r colour, redshift and
stellar mass. This fraction can be used as a proxy for thévelabscuration of star formation,
subject to the limitations discussed in the text. Error lzaesthe statisticalo errors in the bins
as described in Sectign-3.B.3. Data and errors in the rediborporate the correction for lensing
described in Sectidn 3.4.2.

originated as UV radiation from young stars, hence the mttisub-mm light to UV

light detected is directly related to the fraction of UV lighhich is obscured by dust.
If UV light is assumed to come primarily from star-forminggrens, this is a mea-
sure of the ratio of obscured to unobscured star-formattwwever both the UV and
the sub-mm radiation could also trace populations unréladestar-formation: there

are open questions as to how much UV radiation can be produgedolved stars

Chavez & Bertorie 2011; and references therein) as well asrhoch of the dust

probed at sub-mm wavelengths is heated by old stars in they@endoet alli2010;
Boselli et all 2010b;{ Law, Gordon & Misselt 2011; see also Secfion 1.4). iiRae
transfer calculations (e.g. Popesial.2011), which have been used to make detailed

predictions for a few well-studied spiral galaxies, can beduin the future to analyse
statistical samples of galaxies to address this questiengnantitative way. For the

moment, however, the generalisation to galaxy popula@ereswhole is uncertain.

In Figure[3.IB | stack,s,/ Ly forthe NUV -detected sample. Since | requivé/ V'
detections for this, | use th& UV — r colour which is likely to be a cleaner colour
separation, and | use;, instead ofLtr because the monochromatic luminosity is not
model-dependent. Simulations showed that stacking tlisigrobust even for small
250pm fluxes with low signal-to-noise, since theUV fluxes all have reasonably

high signal-to-noise (on the contrary stackihg. v/ L2s was found to be unreliable
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in simulations since this quantity diverges as the 2b0flux approaches zero). As
before, | correct 250m fluxes for the expected contribution from lensing as describ
in Sectior 3.ZD.

Some of the results implied by Figure—3.18 are not trivial xplain, and should be
treated with caution since there is a strong bias introduyethe UV selection. It
appears that the obscuration increases with increasifigrateass for blue galaxies,
but there appears to be a decrease with redshift, at leastdtbar massess 5 x
10 M. This contrasts with the increase in 250 luminosity with redshift, which
would imply that while the obscured SFR increases with rétgp to z = 0.3, the
unobscured SFR (UV luminosity) must increase faster foréhative obscuration to
fall. However, it is likely that these observations are etiéel by selection bias: we
only detect the low mass galaxies in the UV if they are redyiwinobscured, and as
redshift increases we detect fewer and fewer of the obscured. This effect could
cancel out any intrinsic increase in obscuration with rétilséind cause the observed

Loso/Lnyy to decrease.

In contrast we see almost exactly the opposite trends inddesample, and in the
high mass end of the green sample, which suggests that #iealbias could hide
similar trends in blue galaxies (which generally have mwsher stellar mass for the
same redshift). Number statistics are poor in the red biause the selection is nat-
urally biased against red galaxies, and errors are compoling the uncertainty on
the lensing contamination. Nevertheless the observedgrehincreasing obscuration
with increasing redshift and with decreasing stellar massiot be explained by the
selection bias. These trends are both perfectly consigtigmthe trends inV/gysy/ M,

in Figure[3.16: a higher amount of dust per stellar mass isstigertain to increase the
obscuration of UV light. The red galaxy sample thereforeempp to contain a larger

fraction of obscured SFGs at higher redshifts and lower agmsJ his is consistent

with the findings of Zhtet all (2011) in an analysis of the mid-IR colours of optically-

selected galaxies at redshifts between 0.1 and 0.5. Itasmasgreement with Tojeiro

et al. (2011), who stacked SDSS spectra of luminous red galaxiR&§), and fitted

stellar population models to obtain representative starrétion histories, metallicity

and dust content as a function of colour, luminosity andm#tsT heir results showed
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strong correlations of dust extinction with optical lumaity and redshift which are
consistent with the findings of this work. Such agreemenwbeh independent mea-

sures of the dust extinction is encouraging.

In any case one must be careful in the interpretatiorLgf/Lyyy as a tracer of
obscuration, in particular due to the potential fok, to be uncorrelated with star for-
mation. | showed in Sectidn'3.%.1 that the conversion frofiRERuminosities tal g
is extremely model-dependent, and to plot the ré&kg /Lyy using SED fits forLrr

would be misleading wheh+r is based only on the SPIRE photometry. In addition,

it has been shown hy Wijesingle¢ all (2011) that the ratio of g (from fitting SEDs
to GAMA/H-ATLAS data including PACS and SPIRE) tbyy is poorly correlated

with other measures of obscuration (the Balmer decremeahtAnslope), probably
because they trace a different component of the dust in igslak therefore hesitate
to take this particular analysis any further without theiidd of shorter wavelength

data to better constrain the IR SED.

3.6 Conclusions

In this chapter | have described the first sub-mm stackingysiseof a large sample
of about 80,000 galaxies uniformly selected by opticabé&nd) magnitude. | divided
the sample by rest-frame colour, absolute magnitudedstelhss and redshift.01 <

z < 0.35) and stacked into SPIRE maps covering about 126 squareetegir250, 350
and 50Qum. | used a simple (but effective) deblending method to avieegdroblem

of over-estimating the flux of blended sources when stackimpnfused images; this
ensures that stacked flux ratios are not biased by the inogekevel of confusion at

longer wavelengths. The main results are summarised below:

1. The sub-mm fluxes of all but the most massive opticallgced galaxies are
below the5o limits of the H-ATLAS, yet with the large sample size made pos
sible by the coverage of H-ATLAS and GAMA it is possible to peamore than

an order of magnitude below these limits using stacking.

2. | estimate that the total emission from optically-sedelgjalaxies at < 19.8 and
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z < 0.35 accounts for only.0 £ 0.4 per cent of the CIB at 250m. At z < 0.28,
where the sample is complete to beld, this fraction is4.2 4+ 0.3 per cent.
Of this, roughly 60 per cent originates from blue galaxiesl 20 per cent each

from the red and green bins of the sample.

| derive the totak- ande-corrected luminosity density of the Universezat 0
to be3.940.3 x 1033, 1.5+ 0.1 x 1033 and4.3 + 0.3 x 10** WHz ! Mpc— hy
at 250, 350 and 500m respectively.

. | show that stacked fluxes ofd galaxies can be significantly contaminated by

the lensing of background SMGs. Using models for the lenamglification
distribution and observed lens number counts, | estimaie around 10, 20,
and 30 per cent (at 250, 350 and 500 respectively) of the stacked fluxes is
likely to result from lensing. | correct stacked results fiois contamination to
red galaxy stacks making reasonable assumptions for tisaifedistribution of

lensed flux, and include the uncertainty from the lens nurabents.

| observe a strong dependence of sub-mm luminosity orcaptolour ¢ — )

and stellar mass av/,., with red galaxies being up to an order of magnitude less
luminous than blue galaxies of equal stellar mass. The lasiiies of green
galaxies are intermediate between the two. The observedsi@ SPIRE lumi-
nosities are not strongly dependent on the SED model assiandccannot be
explained by lensing, which implies a fundamental diffeebetween the dust

emission properties of red and blue galaxies.

| measure cold dust temperatures that vary strongly ascifun of stellar mass
in blue galaxies, fromv 11K at 3 x 10¥ M, to ~ 28K at5 x 101°M. Cor-
recting for the contamination from lensing, red galaxiegehdust temperatures
~ 16K at all stellar masses betwegnx 10° — 8 x 10'°M, atz < 0.35. The
dust temperatures of green galaxies appear to have a gseateer (with mean
T = 19.5K) but are not correlated with stellar mass as with the blbes is
indicative of a mixed population. Temperature values ddmemnthe assumption
of a constant emissivity parametér= 2; a variables could alter the results

slightly but would not be sufficient to account for the ran@elaserved colours.
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Furthermore, a range of temperatures is implied by the Z80)/8 colours alone
suggesting that the trends are not the result of emissigitiations or any kind
of sub-mm excess at 500n. Tests showed that they are not subject to any bias

from blending which isn’t accounted for by the naive debiagdassumptions.

7. The temperature variation can account for much of thefice in luminosities
between red and blue galaxies; however it is not respongiblan increase in
sub-mm luminosity with redshift by a factor arouébr blue galaxies at a given
stellar mass. This appears to be due to an increase in thendsses of galaxies
of all stellar masses by a factor 8 4 betweenz ~ 0 andz ~ 0.3. The red
sample exhibit a stronger luminosity evolution, for whible tikely explanation
is also dust mass evolution. Due to the lensing uncertaingyaannot rule out
evolution in the temperatures of the red sample, althougtetis no temperature

evolution in the other colour bhins.

8. I fit the evolution inLy5 (which is not dependent on the temperature) with the
function L(z) « (1 + z)?, and obtain indices for the three colour bins\&t =
2 —7x101%Mg. I find v = 4.2 + 0.2 for blue galaxiesy = 3.5 4 0.5 for green
and~ = 7.2+ 1.5 for red (the larger error on the evolution of red galaxiesus d
to the uncertainty on the lensing correction). The evotusoggests a change in
the dominant population of red galaxies, from passive sysia low redshift to

obscured star-forming systems at higher redshift.

9. The redshift evolution of galaxies classified as greemsde indicate a change
in the nature of galaxies selected in this way, from a samaieidated by blue-
cloud-like galaxies at low redshift and loW,. (or M,) to a sample more similar

to the red bin at the higher redshift and brighiéy.

10. Deriving TIR luminosities is problematic with only th&®BRE data, and | show
that the results obtained depend sensitively on the SED Imedd (therefore the
dust temperature). The low temperatures implied by the ERIGtours indicate
that a cold model such as the H-ATLAS SED flts (Snettall20123) are more
appropriate than earlier models basedRASand SCUBA data (CEOQL).

11. The dust-to-stellar mass ratio is strongly anti-caitesd with stellar mass, vary-
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ing by more than an order of magnitude betwéén ~ 10® — 10! M. This

relationship appears to vary little between different cgitcolours, although it
evolves toward higher values with increasing redshift. seheesults provide a
challenge to dust formation models that rely on a purelyatsburce of dust,
implying a need for dust formation in supernovae and/or 8M Lo reach the

high dust masses in galaxies at the lower end of the stellas fo@action.

12. lattemptto explore the obscuration of galaxies in tiveda using the o5 / Lyuy
ratio, and see that red and green galaxies may become mangreddst increas-
ing redshift and decreasing stellar mass (results for the phlaxies are un-
clear due to selection bias). This conclusion is dependetti®@assumption that
this ratio is a good tracer of obscuration, but due to uncerés in the heating
mechanism for cold dust this may not be valid. Neverthelsash trends in

obscuration are consistent with the trends of luminosity dist/stellar mass.

This study is the first of its kind and provides some tantadjgjlimpses of the charac-
teristics of emission from dust in normal galaxies. Our ustéding of the IR SED
of optically-selected galaxies and of the obscurationaffsirmation would be greatly
improved by the availability of data covering the peak of8tD. A future study stack-
ing data from PACS anw/ISEwould be able to make a much more detailed analysis

of the full SED.



Chapter 4

The Molecular Gas Content of Local

Sub-Millimetre-Selected Galaxies

4.1 Introduction

This chapter will diverge from stacking and large sampléstias and instead focus on
the individual properties of a small number of local galaxi€he sample comprises an
unbiased 50@m-flux-limited selection of local galaxies from H-ATLAS, alsetion
function which is primarily sensitive to dust mass. Thesexjas have been observed
with the HARP and RxA instruments on the James Clerk Maxwelk3cope (JCMT)
to measure the emission lines from the CG-= (2—-1) and CQJ = (3-2) transitions.
The data are combined withiIF21 cm and IR fluxes from the literature to compare the
mass of dense molecular gas, atomic gas, and warm and cdlchdhe sample, and
examine how well correlated these components are. Althdlighs a small sample,
it represents a novel pilot study and is the first attempt alysing molecular gas in a
sample selected by dust mass. Here | present some prelymesauiits, to be published

in a research paper at a later date.

4.1.1 Observing Gas in Galaxies

The gaseous ISM consists of a number of phases at varyingtatopes and densities

(see e.g._D_La.'uNQﬂlll). Neutral atomic Makes up most of the gas mass in quiescent
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spiral galaxies like the Milky Way; this includes the warm 6000 K) and cool ¢

100 K) neutral media (WNM and CNM). The more diffuse WNM fills muol the

disk of the Milky Way, while the CNM is in denser clouds, soniewhich also contain
diffuse molecular H. Gas also exists in the hot, ionised phase, in massive haloes
surrounding galaxies (especially giant ellipticals), aslas in Hil regions — bubbles
embedded in the dense clouds, where gas is photo-ionisée fgrt UV radiation from

hot OB stars (Figure4l.1; see also Secfion1.2.1).

Cold (~ 20 K) molecular gas (k) occurs in the densest clouds and clumps, which pro-
vide the fuel for star formation. These clumps reach highughalensities for gravity

to overcome the pressure and rotational stabilisatiomtia@tains gas in the disk, thus

it condenses to form stars and star clusters. The generddanesen for this collapse
was described bylo.o.n]!r= (1977), although the full detait$ @nditions are poorly

understood (see alsao Kennicutt 1989, 1998b; 2008; ine

2011). The CNM acts as a reservoir of material which can beerted into cold

molecular gas under favourable conditions (Gould & SaIHM,J&; Papadopoulos,

Thi & Viti 2002). The Milky Way contains approximately x 10® M, of H,, com-
pared with abous x 10°M, of Hi and1 x 10° Mg, of H1i inel 2011), although

in more active SFGs and especially starburst galaxies, theohhponent is the most

massive.

The most direct way of observing cold interstellar gas ighéradio 21 cm line of Hi,
which results from the transition between the two oppospig states of the electron
in the ground state. The gas that is directly important far &irmation, however, is in
the molecular form. Since hydrogen is the most abundantexiernthe molecular gas
consists chiefly of K, but this molecule has no convenient emission lines to elser
The electronic transitions ofdare seen in absorption in the far-UV but are only visible
in low-extinction lines of sight (most molecular clouds ateouded in dust). Hhas
vibrational transitions in the NIR, but these require veighrexcitation and only trace
hot (starburst- or shock-heated) gas, while the symmettiyeomolecule means it has

no strong dipole moments hence the rotational transitionghé MIR) are very weak

and again require high excitatio 51 1992] Blairet al
2004).
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Figure 4.1: A schematic diagram of an Hregion and photo-dissociation region (PDR) embedded
in a molecular cloud in which stars have recently formednfiollenbach & Tielens| (1997;
Figure 3). The UV flux from a (young) massive star or clustemafssive stars (left) heats the
surrounding ISM, creating a fully ionised IHregion (left) surrounded by a PDR. As distance
increases (to the right), the flux diminishes until first malH 1 and Q, then C, CO, H and G,

can exist. The attenuation of the UV flux is caused by dust&RBR, as shown by the visual
extinction Ay, along the bottom of the diagram. The density (shown byXhescale) increases
going out through the PDR, as the temperature drops fror* K in the Hii region to~ 20K in

the surrounding molecular cloud.

It has therefore become common practice to observe emiisEsmfrom less abun-
dant molecules and use them as a tracer of the total molegatacontent. Carbon

monoxide is the next most abundant molecule aftetahundance ratie- 10-*; Lee,

Bettens & HerbsLJ_Q_&JG), and has strong emission lines framsttions between its
rotational excitation states, especially the ground statkfirst three excitation levels

(J =0,1,2,3). These states are easily excited at relatively low desssfti 10* cm3;

Blain et alli2004), and transitions between them have enerdies (/) that give rise

to emission lines at a few hundred GHz which can be observéddmimn/sub-mm in-
struments on ground-based telescopes. These emissisrirbne CO are used to trace
the molecular gas content of galaxies and galactic cloudsgluire a conversion fac-
tor (X)) which is dependent on metallicity and on the density andotmature (which
determine the excitation). More importantly, individuébwds are optically thick to
emission lines of the most abundant isotopic specis'{0), so the line intensity is
not correlated with the mass of individual clouds. For engelaxies it is common
to invoke the “large velocity gradient” (LVG) approximatipwhich assumes that indi-

vidual clouds are sufficiently offset from each other in wéip(due to their differential
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rotation speeds within the galaxy) for their emission todrgély unobscured overall.
Alternatively the virial approximation may be assumed, itee assumption that the
velocity dispersion of clouds, and therefore the total imdth, is correlated with the

total mass. Hence the conversion from line intensity to mwiwlensity and molecular

gas mass is highly uncertain, and is probably non-linearandble (Dickman, Snell
& Schloerk Z;j; é::;llz Z ZZ;;H; ]l IJW Malonev & B ﬂouﬁﬁa
.lQﬂl;JMl.S.QJ‘I.lQ_d ; Blairet all 2004 _Eelxmﬁﬁsx&_lzapa.dnpdks_; ;

2012; Narayanast alli2012).

Other molecules (e.g. HCN, CS, NHbecome excited at higher densities so their ro-
tational transitions can be used to trace dense clumps afaulalr gas, and the higher
transitions of CO [(3—2) and higher] are also only excitededatively high densi-
ties. These dense gas tracers can be better tracers of thediatmcapacity for star
formation since stars form in the densest clumps; but CQ(fiefdains, for now, the
most accessible tracer of the total molecular gas. In thefoaae this situation could
change, as ALMA is capable of observing rotational lines pi@hich appears to exist

throughout molecular clouds and suffers from fewer compksthan the CO tracer

Wilson {1 1 Ojhaet al :Llkedaet al OO”;_Ea,p_a_d_QpQ_uJ_o_s_lh_i_&A}iLi_moz,
2004;.G.e.a&h.&.|2a.aa.dapm“os_2312).

Dust mass, estimated from the FIR/sub-mm, can also be usettaaer of the HHmass,

assuming_a dust-to-gas mass ratio that is dependent onlimiﬁé.i. Cox, Kruegel
& Mezger@ D90; 1 Jamest al

2002). From sub-mm observations in the Rayleigh-Jeang, ltlié uncertainty on

dust mass itself is dominated by the uncertainty of the dpstity, «,, but this is

relatively well constrained in the Milky Way and other gaks (Jame®t al.|l2002;
Hill et all200 _Ea.Lamﬁ__Bﬁma.Ld_&_MelllnLﬂ 09; Planck Collaboraéiball2011f,9).
Comparisons of the CO tracer with independent tracers,dfsHch as dust) are used
to test the metallicity dependence of the factor (e.g.AM.LSQIr 1995; Dunnet all

2000; Genzekt alll2012), and recent measurements have shown evidence fde”

dar

H, gas with no associated CO emissi i i T&2005; Abdo
et al.2010; Planck Collaboratiogt all )-




Molecular Gas in Local Galaxies 139

4.1.2 The Relationship Between Gas and Star Formation

Schmidt(1959) was the first to report an observational liet@en molecular gas and

SFR, which backs up the theoretical notion of molecular gasdgithe raw material for
star formation. This link was cemented b;dsﬂunjc tt (1998bdh the slight adapta-

tion that the surface density of star formation in the diskagelated with the surface

density of molecular gas, in what is known as the star-foionalaw or Schmidt—
Kennicutt (SK) law:
ESFR 0.8 EnHQ (41)

Significant scatter in the SK law has led to many differentugalfor the indexi()

being reported, but it is generally thought to lie in the rand) — 1.5 (Narayanan

et al.2012). This index probably depends on the gas tracer: famplg the more
fundamental relation is likely to be that between the derase(g.g. HCN, CO(3-2))
and the SFR, for which the relationship is roughly linearq 1), while the relationship

between total molecular gas tracers (e.g. CO(1-0)) andFfetaive steeper indices

(n ~ 1.5;1Gao & Solomon 2004k; Krumholz & Thompson 2007; Narayaeaal

ZOQ_Jz'Juneaet all200¢ _I_a_da__mm_b_a.LdJ_&_AMJ: 2010) due to varying line ratios

The law appears to be universal in ordinary (disk) SFGs oluatiinosities, but the

more vigorous mode of star formation in starbursts and nggishift SMGs may cause
them to deviate. (Kennicutt 1998b; &alll2007; Daddet all2010b] Genzett al

010). Itis currently a matter of debate whether this reduitm a genuine difference

in the relationship described by the law, from different ping biases artificially

creating a bimodality, or from a difference in thefactor between starbursts and disk

star-forming regions_{.D_a.d.(ﬁl_aJ“ZOlQL;LG_euzdﬂ_aJ“ZOJ.!
Ktumholz. Dekel & Mckel 2012; Feldmann, Gnedin & Krau

—4

N 12012;

0 Recent work

from the HERA CO Line Extragalactic Survey (HERACLES; Lermiyall[2009) has
begun to dissect the SK law within nearby disk galaxies, sstigg that molecular gas

and SFR are strongly and directly correlated in any giveaxgalbut that significant

scatter exists between the global properties of differaddes |(Bigielet all2011;
Schrubaet alll2011).

Figure[L2 shows a compilation of data for the CO-RlRhinosity correlation (as

distinct from the surface-area-averaged SK law). In thipieigal relationship, it is
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Figure 4.2: The correlation between FIR and CO luminosities for a coatjoih of literature data:
normal and starburst galaxies at~ 0 (grey circles| Kennicutt 1998b; Gao & Solonhon 2004b;
KKuno et all2007; Gracia-Carpiet all 1Leroyet all2008/2009); optical/NIR-selected SFGs
atz ~ 1 (black circles) and ~ 2 (blue circles) from_Taccorst all ) and at ~ 1.5 (green
triangles) from Daddét all (2010a). Also shown are merger samples at 0 (i.e. local LIRGs &
ULIRGSs; magenta squares; Kenniqutt 1998b: Gracia-Carnal2008) and al.0 < z < 3.5 (i.e.
SMGs; red squareis; Grew all 2005; Engekt all2010; Smailet all2011). The offset between
mergers and SFGs is clear from the fits to the two groups, stemamed and grey dashed lines
respectively (parameters of the fits are shown on the plol, evierall3o uncertainties in brackets;
the slope of the mergers fit has been fixed to that of the SFGdTTiiy figure taken from Genzel
etal. ; Figure 2).

clear that low-redshift, ordinary SFGs (those on the “maqguence” of SFRY/,);

Noeskeet alll2007) lie along a single correlation, with a significant amioaf scatter

(o = 0.31dex in the fit shown). High-redshift SFGs selected in thecgitNIR ap-

pear to fall on the same sequence, while both low-redsh)ttiRGs and high-redshift

SMGs are offset towards hij)hér:.p (hence SFR) for the same CO luminosity (Daddi

et al.2010b| Genzett all2010). Such extreme systems are relatively rare, both ht hig

and low redshifts, since they are dominated by major meigegs Sanders & Mirabel

1996 Engekt all2010); yet they are over-represented in flux-limited saspédected

in the rest-frame FIR, since they have the highest lumiressit

4.1.3 Motivation for this Study

It is important to understand the gas—SFR relationship B<$S6f all luminosities, and
to explore the biases resulting from different selectiarctions. Far-infrared selection

favours high-SFR galaxies but does not necessarily seldakigs with massive ISM
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content, hence the bias towards the upper extreme of the &€sdn contrast, there

have been relatively few studies of the correlation in galagelected by gas mass. For

example, Wilsoret all (2012) studied H-selected galaxies as part of the JCMT Nearby

Galaxies Legacy Survey (NGLS; Wilsat all 2009), and found that they follow a

different correlation compared to (U)LIRGs at low and higashifts, echoing the

conclusions Olfﬁﬂﬂlﬁl_a.l 010) and Daddet all (2010a).

In this chapter | describe the first study of the CO-IR relatio sub-mm-selected

galaxies in the local Universe. Little is known about ga¢epselected in this way since
beforeHerschelit was impossible to conduct blind sky surveys in these waneb.
The largest local sub-mm survey prior erschelwas the SCUBA Local Universe
Galaxy Survey (SLUGS), which used the SCUBA camera to sug ies selected
from IRAS(Dunneet al.l2000) and optical (Vlahakis, Dunne & Eales ﬂOOS) samples.

Yaoet all (2003) observed nuclear CO emission in the SLUGH1GGample and mea-

sured correlations af o with Lgr and My,s, Using both the CO(1-Q@ptal molecular

gas tracer and the CO(3—-8gnsegas tracer. 0 (2004a,b) targeted a
sample of galaxies known to have strong CO or IR fluxes andwded a survey of
HCN J =(1-0) emission to trace the dense gas in comparison to thé-@Q( Gao
& Solomon _A)_OAIb) concluded thdt,cy is linearly correlated withLrr and that

the dense gas is the true driver of star formation, while t$1S0)—FIR relation is
secondary. On the other hal].d._YaDa.I] 003) showed that CO(3-2) is linearly cor-

related with dust mass, but not witlyr due to more luminous galaxies having higher

dust temperatures (possibly a sampling bias). In a recady sif spiral galaxies in

the Virgo cluster|_Corbellet al. (2012) compared correlations between the CO(1-0)

line and 100-50Qxm fluxes fromHersche] and found that the molecular gas is more
closely correlated with the cold dust traced by the sub-mimerahan the warm dust

and SFR traced by shorter wavelengths.

The aims of the current chapter are to find out whether gadasetected on their cold
dust content in the local Universe have correspondingly mgplecular gas content;
to find out whether their dust/gas ratios are different frameo samples; and to ex-
plore the validity of the sub-mm spectral range as a tracgasfand star formation in

galaxies.
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4.2 The Sample

4.2.1 Sub-Millimetre Selection

The sample is selected by 506 flux, the longest-wavelengterschelband, which
is sensitive to cold dust and therefore total dust mass. lemese of the wide area
and extensive multi-wavelength coverage in the equatfieidls of H-ATLAS Phase 1,
which overlap with the GAMA survey as described in Sediigh Ihese fields, centred
at R.A. of approximately§ 12" and 14.8, and Dec.~ 0°, cover around 35 deg?
out of the plane of the Galaxy. Sources were selected outecoHHATLAS Phase 1
catalogues, initially using a flux limit a5y, > 80 mJy to draw up a short-list of bright
sources, then selecting from these an appropriate sampbeaifgalaxies that could

be observed in a reasonable time with the JCMT, as detailedbe

The Phase 1 catalogues available when the sample was (magr(EOlO August)
contained 109 and 112 sources witl, > 80 mJy in the G0O9 and G15 fields respec-
tively. H-ATLAS sources are known to consist of two popwas, one concentrated

at low redshift and one at high redshift (Amblaxgal Olg{)' Lapiet all2011; Pearson

etal. ), and so the first task was to remove any high-redshiftes from the sam-
ple. This was done by matching the source positions to theMWAC Extragalactic
Database (NE@) and retaining only those sources that were matched to addghift

galaxy which was obviously nearby and extended in the dgtitages on NED.

Negrelloet al. (2010) have shown that a large fraction of bright H-ATLAS sx@s (es-

pecially at 50Qum) are likely to be lensed systems, i.e. high-redshift sub-gonorces
located behind a low-redshift galaxy which acts as a graeital lens. In such sit-
uations, a match to NED would show a low redshift galaxy (#mws), and so these

might not have been removed from the sample by visual ingpedi fact it is likely

that most have been removed since Gonzalez-Ne¢al (2012) showed that there

are very few lenses at < 0.1 (see also Section_3.4.2); most lenses picked up by

H-ATLAS are at redshift$.2 < z < 1.2 (the lensed sources themselves are mostly at

Later catalogues may differ slightly due to improved tequeis for measuring extended source

photometry
2http://ned.ipac.caltech.edu’


http://ned.ipac.caltech.edu/
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z 2 1.5). Possible lenses in the SDP have been targeted for spempiogollow-up

Coxet all2011;{Frayeet all2011; Omonet ali2011; Lupuet all2012) (as well as

>

several in Phase 1 data: Etuall 2017

Harriset alli2012), by selecting sources with

red sub-mm colours indicative of a high redshift. | removad source (SDP 81) from
the sample which had been identified as a lens in this way.eliker small possibility
that some lenses remain in the sample; the lensed sourcéd aue very red SEDs
but this might not be detected if they are blended with thedosund lens. However,
the probability of lensing is very small at such low redshstnce the population of

sources that could be significantly lensed peaks at a destahapproximately twice

the distance to the lensing galaxy, hence the source dessityy low (seé¢ Trel 2010;

for a review).

This resulted in a sample of 57 low-redshift £ 0.05) galaxies in the 9and 1%
fields. | searched the literature and NED for previous CO ftatany of the galaxies;

only NGC 5713 had been observed in CO(3-2) as part of the SLEHB®le (Yao

et al.2003), but this was a single beam observation of the nuckus,the galaxy
was retained in the sample because the total CO flux had natrbeasured. | also
checked the for any overlap with the NGLS (Wil 004)) and the HRS (Boselli
et al. D), and removed NGC 4030 and UGC 09215 which were to berdis
with HARP as part of the HR%.

| measured total 500m fluxes using elliptical apertures with radius given by th&-op
cal isophotal radiusdg;/2) added in quadrature to the 50t beam half-power beam
width (HPBW= 35”), to account for smearing of the emission by the telescopenbe
The final flux-limited sample consisted of 17 sources at(0.05 with S5yo > 250 mJy.
This includes three sources from the' fi2ld, for which SPIRE data became available
while the proposal was being prepared. In addition, the $angntained the brightest
source from the H-ATLAS Science Demonstration Phase (SD&R)SDP 1; and the
two brightest SDP sources visually classified as early-gglaxies b,_RmALLa.n.deI_a.II
012), i.e. SDP 4 and SDP 15; these were included becaus&HE@s had been well-
studiedi(Rowlandst alii2012

A4

Smithet alli2012a) and the unusually high dust content

of the early-types made them good candidates for furthelysbfithe molecular gas.

3A global CO(3-2) measurement for NGC 4030 was later obtaired the HRS team and is in-
cluded in the analysis in Sectign#.5.
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Table[Z1 shows the details of the full sample.

Table 4.1: The CO sample, with the H-ATLAS Phase 1 IDs and basic data M&D. The 50Q:m
fluxes measured in elliptical apertures andu@® fluxes fromIRAS Scanpi (see Sectidn Z4.2.2)
demonstrate the wide range of 60/504 ratios. Everything down to NGC 2861 constitutes a
complete sample of < 0.05 galaxies withS5o, > 250 mJy in the Phase 1 fields. SDP 1 is the
brightest source in the SDP (and the Phasé)1fiéld; while the brightest early-type galaxies in
SDP are listed on the final two rows.

H-ATLASID NED D RA. Dec. Redshift  Sso0  Tap  Se
(Jy) (") Ssn0

Gi2vi02  NGC 4030 12:0024 —01.06:00 0004887 566 104 3.7
G15v10.7  NGC 574b 14:44:56 +01:57-18 0.005751 3.92 225 0.59
G15v101  NGC 5713 14:40:12-00:17:20 0.006334 228 91 10
G15v103  NGC 5690 14:37:41+02:17:27 0005847 221 79 2.7
G15v104  NGC 5719 14:40:56-00:19:06 0005781 1.82 97 4.8
G1511042  NGC 5584 14:22:24-00:23:16 0.005464 144 81 1.6
G15v10.11  NGC 5740 14:44:24+01:40:47 0.005243 099 84 3.0
G15.110.108 NGC 5705 14:39:50 —00:43:07 0.005864 0.69 94 2.6
G15v1033 UGC 09215  14:23:27 +01:43:35 0.004660 058 75 1.6
G15v10.30  NGC 5496 14:11:38-01:09:33 0.005140 056 168 0.73
G15110.23  NGC 5750 14:46:11-00:13:23 0.005627 051 74 1.2
G1511012  NGC 5691 14:37:53-00:23:56 0.006238 049 67 7.6
G12v104  CGCG013-010  11:57:06+01:07:32 0.039503 0.40 41 7.9
G12v10.6  NGC 3907B 11:49:24-01:05:02 0.020774 030 50 2.4
G15v10.10 CGCG 018-010  14:12:16-00:37:59 0.025596 028 41 4.6
G15v10.15  NGC 5478 14:08:09-01:42:08 0.025147 026 48 2.6
e NGC 2861 09:23:37 +02:08:11 0016965 025 50 3.0
235_\}1’0.1} 2?(%%26&01272909:04:01 4+01:27:29 0053439 019 38 15
SDP 4/ CGCG 006-008  09:09:17 —01:09:59 0.027489 0.099 42 55
G09.v10.1

SDP15/ 1 2MASX-

o b e o0pes 091206 100:26:56 0054493 0056 44 14

Notes: (a) NGC 4030 and UGC 09215 are listed as part of thdiftiked sample but were not observed
due to their inclusion in the HRS sample (CO data were reqddsdm the HRS for inclusion in this
study). (b) NGC 5746 and NGC 5705 were not observed due to ¢nstraints; both would have
required long integration times due to the large size of NG@6and the low surface brightness of
NGC 5705. (c) NGC 2861 is on the edge of thé figld and does not have an H-ATLAS ID because it
is outside of the mask used for source extraction. SPIRErageethis close to the edge of the map is
shallower than elsewhere but is sufficient for imaging thightt source.

4.2.2 Far-Infrared Photometry

The H-ATLAS Phase 1 catalogues contain photometry at 100, 260, 350 and
500um. SPIRE fluxes of point sources were measured using PSF fiting for
extended sources using apertures as described in SECAdh 4 therefore used the

catalogue fluxes for the analysis. | measured aperture fluxésmnd for NGC 2861,
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which is not in the catalogue due to its location on the edgbemmap.

PACS fluxes are problematic because the map-making proe@uolves a high-pass
filter (HPF) designed to remove large-scale fluctuationshanrmap. Sources were
masked during this filtering to prevent their fluxes beingetiéd, but flux from the
outskirts of extended sources can still be lost if the magsdwmt cover the full extent
of their emission. Hence most of sources in the sample hage flagged as bad
measurements in the catalogues; only seven have reliaBlenl @uxes and four have
reliable 10Qum fluxes. In order to see if reliable aperture fluxes could besuesl
for the remaining sources, | compared the mask maps (whidtbean used to mask
sources in the HPF) to the SPIRE maps, to check whether tleateat the SPIRE
emission was smaller than the mask. If this is the case treeRAICS flux should not
have been reduced by the HPF. | found that the masks gtihO8ften did not cover
the whole source, but at 160n all sources were fully masked apart from NGC 5705
and UGC 09215. | therefore measured aperture fluxes ath6@r the sources that

were not in the catalogue and had been properly masked inRire H

Following the recommendations of the H-ATLAS data reductam, | used elliptical
apertures with semimajor axis given by the optical radiiyg2 added in quadrature to

1.6 x HPBWj4, (the 160um HPBW-= 13.1"), and took the axis ratio and position an-

gle from the HyperLEDA datab m 003). Each aperture was inspected
by eye to ensure that it contained all the flux and was propedgked (see above) and
axis ratios were reduced for unresolved sources. Fluxes egrected by a calibration
factor1/1.043 as recommended in the PACS Observing Manual, and aperttneceo
tions (ranging from 1.00 to 1.23) were used to account foseddlux in the wings of
the PSF, again following the methodology that was used ®H}ATLAS catalogues.
All SPIRE and PACS 160m fluxes are listed in Table4.2. 166n aperture fluxes
agree with the catalogue values within 10 per cent. For tladyais, | used catalogue

fluxes where available and aperture measurements otherwise

The sample is covered by the FIR all-sky surveysRAS (Faint Source Catalogue,
FSC;[Maoshir, Kopman & Conraw 1992) ameKARI (Yamamuraet all[2009). How-

ever, many of these nearby galaxies will be fully or pargiaétsolved by these tele-

Anttp://leda.univ-lyonL.ir


http://leda.univ-lyon1.fr

Table 4.2: SPIRE and PACS 160m fluxes from the H-ATLAS Phase 1 catalogues, and g60aperture measurements in ellipses with semimajor @xis and axis
ratio a/b, as described in the text. Systematic calibration errosmirentheses are set at 10 per cent for PACS and 7 per centIRES®llowing the guidance of the

Observing Manual and the data reduction team.

Phase 1 Catalogues Apertures
Galaxy S160 (JY) Sas0 (JY) S350 (JY) Ss00 (JY) aieo () a/b Si60 (JY)
NGC 4030 — 33.79 +0.08(2.37) 14.54 £0.07(1.02) 5.00 4 0.05(0.35) 73 14 60.50 4+ 0.06(6.10)
NGC 5746 — 17.81 £0.11(1.25)  8.824+0.12(0.63) 3.49 4+ 0.09(0.26) 205 6.7 24.45 + 0.11(2.50)
NGC 5713 - 15.64 +0.08(1.10)  6.34 4+ 0.06(0.45) 2.05+0.04(0.15) 50 1.0 36.47 4 0.06(3.60)
NGC 5690 - 11.31 £0.06(0.79)  5.16 +0.07(0.37) 1.96 + 0.05(0.15) 88 3.2 20.85 + 0.07(2.10)
NGC 5719 - 10.00 £0.11(0.71)  4.7140.11(0.35) 1.6840.08(0.14) 91 2.4 19.04 + 0.06(1.90)
NGC 5584 - 5.70 £ 0.05(0.40)  3.18 £0.05(0.23) 1.30 4 0.04(0.10) 93 1.3 8.29 +0.11(0.84)
NGC 5740 7.77+£0.07 4.91+£0.04(0.35)  2.344+0.04(0.17) 0.89 £ 0.03(0.07) 47 15 7.44 £ 0.05(0.75)
NGC 5705 - 1.74 +0.05(0.13)  1.20 4 0.05(0.10) 0.6140.04(0.06) 41 2.3 (>)P0.82 =+ 0.04(0.09)
UGC 09215 - 2.13+0.05(0.16)  1.32+£0.05(0.10) 0.53+0.04(0.05) 50 2.1 (>)P2.23+0.05(0.23)
NGC 5496 — 2.55 +0.06(0.19)  1.50 £0.07(0.13) 0.71 4+ 0.05(0.07) 93 4.6 2.86 + 0.06(0.29)
NGC 5750 3.85+0.07 2.59+0.04(0.18) 1.26 +0.03(0.09) 0.46 + 0.03(0.04) 57 1.9 3.72 £ 0.05(0.38)
NGC5691 6.35+0.06 2.92+0.03(0.21) 1.2540.03(0.09) 0.46 £+ 0.02(0.04) 31 1.3 6.15 £+ 0.04(0.59)
C 013-010 - 2.87+0.05(0.21)  1.15+0.03(0.09) 0.40 £ 0.02(0.03) 33 1.0 6.38 + 0.05(0.58)
NGC 3907B - 1.80 +0.04(0.13)  0.81 4 0.04(0.07) 0.2940.03(0.03) 51 3.6 2.67 + 0.03(0.27)
C018-077 3.80+£0.05 1.99+0.02(0.14) 0.82+0.02(0.06) 0.29 £ 0.02(0.03) 24 1.0 3.74 +0.03(0.35)
NGC 5478 — 1.76 £0.02(0.13)  0.76 4+ 0.02(0.06) 0.26 + 0.02(0.03) 29 15 2.65 £+ 0.03(0.25)
NGC 2861 - 1.90 £0.02(0.13)  0.73 4+ 0.01(0.05) 0.25+0.01(0.02) 21 11 3.26 £+ 0.06(0.30)
SDP 1 3.84+0.05 1.614+0.02(0.12) 0.61+0.01(0.04) 0.19+0.01(0.02) 24 1.3 3.75+0.03(0.35)
SDP 4 1.34£0.05  0.69+0.02(0.05) 0.28+0.02(0.03) 0.10+£0.02(0.02) 29 1.0 1.44 £ 0.04(0.12)
SDP 15 0.90 £0.03  0.3640.01(0.03)  0.14+0.01(0.01) 0.06+0.01(0.01) 24 1.1 0.93 = 0.02(0.09)

vt

Notes: (a) SPIRE fluxes for NGC 2861 were measured manuadly eperture since it is not in the catalogue. (b) These sewveee not fully masked in the HPF so their
total 160um fluxes could be significantly underestimated and were tbeeefmitted from the analysis.
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scopes, so the point-source fluxes in the catalogues mayen@poesentative of the
total flux (thelRASPSF has FWHM 0.77, 0.78, 1.44, 2'%4 12, 25, 60, 10Qm re-
spectively - Soiferet all{1989). Only the four brightest sources (NGC 4030, 5713,

5719 and 5690) have extended flux measurements ilRIABRevised Bright Galaxy

Sample (RBGS; Sandees al.2003), while extended flux measurements from AKARI

have not yet been released. | therefore measured extendecesluxes in the raw

IRASscans using the Scan Processing and Integration Tool (&,afqblowing the

procedures outlined hy Sandetsall (2003).

| set appropriate input parameters for Scanpi to integre¢ge scans within the mea-
sured 25Q:m size (or the default fitting range for a point source, if lajgéultiple
scans were combined using a noise-weighted mean, and fiie tesulting co-added
scans were inspected visually in the plots output by Scaipxes were automatically
measured in these scans using four different methoeisk , the peak flux in the scan;
amp, the amplitude of the best-fitting templafeu _t , integrating in a range deter-
mined from the fit; andnu _z, integrating between the zero-crossing points. These
points are defined as the first point out from the centre, ih daection along the scan,

at which the flux falls below-10. | followed the recommendations of the Scanpi User
GuidQ to objectively determine the best flux to use for each sounckesmch band,

depending on how strongly detected and how extended each was

Results were inspected visually and with reference to thasomements in the RBGS
and the FSC. The agreement was generally very good for thebfight sources in
RBGS, though comparing with the FSC, the Scanpi results generally higher for
the most extended sources, as might be expected consideeingore accurate source

extraction of Scanpi. For unresolved sources, the agreeetween Scanpi and FSC

was within 15 per cent, which is equal to the systematic srgoioted by Soifeet al

). Choices of the flux measurement method were refinedder to improve the

agreement with published data.

Only five sources were detected at/&R, and 12 at 2m, which are insufficient for

5Scanpi provided by the NASA/IPAC Infrared Science Archilgtp://scanpiops.ipac.

caltech.edu:9000/applications/Scanpl/
Ghttp://scanplops.|pac.caltech.edu:9000/appllcatlons /Scanpi/docs/

overview.html


http://scanpiops.ipac.caltech.edu:9000/applications/Scanpi/
http://scanpiops.ipac.caltech.edu:9000/applications/Scanpi/
http://scanpiops.ipac.caltech.edu:9000/applications/Scanpi/docs/overview.html
http://scanpiops.ipac.caltech.edu:9000/applications/Scanpi/docs/overview.html
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Table 4.3: Scanpi results compared witRAScatalogues for 60 and 1QGn.

Galaxy 60um flux (Jy) 100um flux (Jy)

Scanpi Catalogue Scanpi Catalogue
NGC 4030 20.88+3.13 T 18.49 + 0.05 RT 45.874+6.88 A 50.92+0.12 MT
NGC 5746 231+035 T 1.33+0.08 1037+ 156 T 8.88 +0.44
NGC 5713 23.74+356 T 22.1£0.07 MT 36.55+5.49 A 37.28 +0.09 UA
NGC 5690 599+£090 T 6.94+£0.03 RT 16.07+2.41 A 16.84 £ 0.12 UA
NGC 5719 8.76+131 T 8.61£0.03 UA 17.68+2.66 A 17.96 £+ 0.09 UA
NGC 5584 232£035 T 2.07£0.10 528083 T < 6.05
NGC 5740 2.98+0.45 A 2.66 £+ 0.266 6.68+1.03 A 6.62 + 0.40
NGC 5705 0.50+0.10 A 0.516 £ 0.041 1.424+0.33 A 1.46 £0.15
UGC 09215 1.51+0.23 TB 1.15£0.081 295+046 TB 2.574+0.23
NGC 5496 0.89+£0.14 T 0.682 £ 0.109 2.08+£0.37 AB 2.184+0.26
NGC 5750 0.62+£0.11 A 0.592 £ 0.047 240+0.38 A 2.39+£0.17
NGC 5691 3.724+0.56 T 3.49+0.21 6.61+1.02 A 6.12 + 0.37
C 013-010 3.14+047 A 3.124+0.22 7.124+1.08 A 7.57+0.53
NGC 3907B 0.70+0.11 A 0.688 £ 0.062 2.18+035 A 2.13+£0.19
C 018-077 1.30+£0.20 A 1.35£0.10 3.29+0.53 A 3.27£0.26
NGC 5478 0.69+0.13 AB 0.636+0.064 1.80+0.39 AB 1.63+0.24
NGC 2861 0.76 +0.12 A 0.761 £ 0.053 2.134+0.38 AB 2.24+0.25
SDP 1 2.76 +0.42 A 3.06 £ 0.153 4.36 £0.67 A 4.42 +0.40
SDP 4 0.54+0.09 A 0.53 +0.04 1.514+£0.27 A 1.50 £ 0.15
SDP 15 <039 B 0.796 £0.056 <072 B 1.19+£0.15

Notes: The Scanpi measurement method is indicated by ttee fetlowing the value: (TYnu _t or
(A) amp. This is followed by a flag (B) in cases where there was a variaaseline in the scan (which
could affect the flux). Where no flux could be measured,cauper limit is shown. Catalogue fluxes
are from the FSC_(Moshir, Kopman & Conrow 1992), except ford& 13, 5690, 5719 & 4030, which
are from the RBGS (Sandessall2003). The latter are flagged as follows: (R) resolved; (Mgirally
resolved; (U) unresolved; and the measurement method biw€iVA) as above.

the analysis in this work and so these data were discardegl60land 10@um results
were more successful and are shown in TahIk 4.3 alongsidmthmgue data. Some
60um fluxes differ from the catalogues due to extended flux notdelietected by
the point-source fitting in the FSC. | used the Scanpi measemés at 60 and 100m

in the analysis described in Sectionl4.5, adopting a 15 parfaex calibration error
(included in the errors in Table3.3).

4.3 CO Data

4.3.1 Planning the Observations

The CO(3-2) line at 345.796 GHz (rest-frame) was observéi tve HARP receiver
array on the JCMT, with a HPBW of 14and the CO(2-1) line at 230.538 GHz was
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observed with the RxA single receiver, with a HPBW of’ 2Integration times were
calculated by estimating the CO line intensity from the gbOsurface brightness, as-
suming a correlation similar to the SK law, and calculating RMS antenna temper-
ature required to detect the line after integrating acreswelocity width. Integration

times were typically around 30 minutes per source.

HARP is an array of 16 heterodyne receivers arrangeddinkat square grid with a
field of view of 1.5 arcminutes, and spacing of 0.5 arcminutegoughly twice the
HPBW. Receivers are arranged so that 16 pointings in a squarat offsets of 7.5
will produce a map o6 x 16 pixels, each with a size of 7'5covering & x 2’ field of
view and providing Nyquist sampling of the source. This iBiaged by the standard
jiggle pattern “HARP4”, which moves the telescope’s se@gdnirror to produce
the successive offsets of 7,5and is ideal for mapping the majority of the sample,
which have sizes of the order of one arcminute. For NGC 5690NBC 5584 it was
necessary to use two HARP pointings to cover the whole of gatdxy. RxA is only
a single receiver so extended sources were observed witl degigned to cover the
whole galaxy, while more compact sources were sufficieraiyeced by smaller jiggle

patterns. The pixel size in these maps i8.10

Galaxies were mapped in this way to capture the global flumftbe entire emit-
ting region, but since the purpose was not to investigatedisigibution of CO, the
integration times for most objects were chosen so that atietewould be obtained
after integrating within an aperture covering the galaxyr. gralaxies which were suit-
ably extended and had high surface brightness (NGC 5713, BIAO, NGC 5690,
NGC 5740, NGC 3907B and CGCG 018-077), the integration time® chosen to
obtain a map of the CO emission region after binning pixelsi2 squares, since this

could be done within a relatively short time.

4.3.2 Data Reduction

Calibrated data from the telescope take the form of thregedsional timelines (re-

ceiver x samplex spectrum) and were reduced using 8T&RLINK software pack-
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ageH following the steps described by the ACSIS Data Reductiook@ookH

The timeline data were cleaned to remove spikes, noisy texe@ad baselines and
noisy channels in the spectra, before combining timelimés data-cubes for each
galaxy (2-dimensional maps with a third spectral dimensgiaach pixel). All spectra
were de-spiked by masking individual channels witls &o spike surrounded by
2.50 levels in the adjacent 6 channels. Individual receptoreweasked in some of
the HARP maps if they were especially noisy (due to high syseemperatures) or
had bad baselines that couldn’t be adequately fitted (dedadd given below for each
galaxy). In addition, one of the receptors (H14) was maskeddliof the data because
it was not operational at the time. A number of channels aetids of all the spectra
had to be masked due to end ringing, which can easily biadibagiés if not carefully
removed. In order to remove this (while retaining sufficibahdwidth for a baseline
fit that is independent of any emission), 160 channels weppead from each end of

all HARP spectra and 300 from each end of all RxA spectra.

Baseline fitting is an important part of the procedure folaglihg accurate line inten-
sities, by removing any continuum emission and other ume@siontributions to the
measured flux across the spectrum. This was done indepénoteaach receptor and
sample of the timeline by fitting a first-order polynomial tonasked spectrum. The
spectrum was masked to remove any possible line emissitirvaither one FWHM
either side of the line centre (using the FWHM of the CO lineHarline from the
literature), or 30&kms ' either side of the line centre where no literature data were

available.

4.3.3 Measuring Integrated Line Intensities

Line intensities were measured by integrating over theorgioange of the line and the
spatial extent of emission. Since in most cases the sigaabise was only sufficient
to detect the line after integrating the data in this ways thvolved some iteration in

order to maximise the signal while minimising backgroundseo Initial estimates of

7http://star||nk.|ach.nawall.ed u/starlink
8http://www.1ach.hawa||.ed u/JCM I/spectral line/data reduction/

acsisdr/


http://starlink.jach.hawaii.edu/starlink
http://www.jach.hawaii.edu/JCMT/spectral_line/data_reduction/acsisdr/
http://www.jach.hawaii.edu/JCMT/spectral_line/data_reduction/acsisdr/
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Figure 4.3: Integrated intensity of the CO(3-2) line as a function ofragre semimajor axis, for
each of the galaxies mapped with HARP. Vertical lines: bloedhshed line (B) marks semimajor
axis of B-bandd,; isophote; orange dotted line (H) marks FWHM of HARP beamncglashed
line (S) marks semimajor axis of SPIRE Kron ellipse; reddstitie (C) marks semimajor axis
estimated to enclose all CO emission.

the line widths were based on the A1 cm line measured in the HIPASS cubes (see
Section[4}) and on ancillary CO data where available (seéea3). The implicit
assumption in comparing with theHs that the maximal rotation speed or velocity
dispersion of the molecular gas should not exceed that adtthraic gas; this is a safe
assumption since in general atomic gas is more widespreadghout a galaxy than
CO. The width used for integrating the CO line was reducetiwias obvious that it

was narrower than the Hin order to minimise noise.

Initially, the cubes were integrated across the chosencitglvindow, and then the



Table 4.4: Details of the CO line measurements: radial veloeity,line widths for Hi, CO(1-0) from NRO data, and CO measurements in the litexgdsae notes); line
width measured in integrated spectra from cubes; ellipéiparture axis ratia /b and position angle; semimajor axis used in HARP cube; tatahisity (or3o limit) and
signal-to-noise ratio; semimajor axis used in RxA cubegltimttensity (or3o limit) and signal-to-noise ratio.

Line width (kms™!) Aperture HARP cube CO(3-2) RxA cube CO(2-1) Line ratio

Galaxy cz® HI® CO@-0f Lit9 Cube a/b PA. a3 I3 SNR  ay; I SNR R3y
°EofN 7 Kkms ! (T%) " Kkms ! (T%)

NGC 4030 1465 413 474 360 1.2 33 53  490.3 33.C°
NGC 5746 1723 638 227 8.5 170
NGC 5713 1899 398 248 140 200 1.0 27 50 405.213.1 30.8 40 496.231.4 158 0.820.07
NGC 5690 1732 374 247 243 350 2.7 144 75 1574203 7.8 45 197.3322 6.1 0.880.21
NGC 5719 1756 668 516 400 460 2.3 112 55 149.359 254
NGC 5584 1652 267 165 136 220 1.6 149 45 40.8- 6.4 6.3
NGC 5740 1579 413 350 320 1.7 163 30 28.2.4 6.4
NGC 5705 1732 320 1.5 47
UGC 09215 1313 466 1.7 162
NGC 5496 1559 373 370 3.8 173 80 <447 80  53.5-20.9 2.6 <0.83
NGC 5750 1612 640 309 600 1.6 71 42 44023 36 80 <141.6 >0.31
NGC 5691 1879 214 210 1.3 101 20 14:3.4 42 35 5974122 49 0.240.31
C013-010 11843 220 2.0 144 30 47927 38 20 17.47.0 25 2.760.48
NGC 3907B 6228 408 497 400 2.2 72 25 25.8 6.4 41 0
C 018-077 7707 550 502 550 3.1 87 25 412.1 52 25 <45.9 >1.03
NGC 5478 7505 430 501 380 1.2 19 30 28:38.3 34 30 817128 6.4 0.350.33
NGC 2861 5085 214 180 1.1 165 25 24:%.2 3.9
SDP 1 16072 24b 563 400 1.3 45 20 454 6.8 6.7
SDP 4 8281 450 1.1 79 0 360.5 8.0
SDP 15 16326 316 1.1 20 30 <111 0 <1.8

Notes: (a) Radial velocities are the centre of thelide and agree with the centre of the CO line in HARP and RxAHbdata labelled (L) are from HyperLEDA, and (B)
from the HIPASS BGS (Koribalskit alll2004); otherwise they are from the HIPASS cubes — see S&&Hbric) The CO(1-0) column contains line widths measured in
spectra of the central regions of galaxies in the samplsgtdata are single-beam (1HPBW) pointings from the Nobeyama Radio Observatory (NROYrtesy of

Lerothodi Leeuw (private communication). (d) Referenaediferature data: (1).Younet all (1995); M.W.L. Smith et al. in prep. (2)_Youre all (1995); Yacet all (2003);

AAlbrecht, Kriigel & Chirli (2007). (3) Sautgt all (2003). (4) Albrecht, Kriigel & Chihi (2007). (5) Saugy all (2008); Boker, Lisenfeld & Schinneler (2003). (e) CO(3-2)

measurement for NGC 4030 from the HRS data (Matthew W. L. ISrpivate communication).
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Figure 4.4: Integrated intensity of the CO(2-1) line as a function ofrayre semimajor axis, for
each of the galaxies mapped with RxA. Vertical lines: bluedished line (B) marks semimajor
axis of B-bandi,; isophote; orange dotted line (R) marks FWHM of RxA beam; ayashed line
(S) marks semimajor axis of SPIRE Kron ellipse; red solid [i@) marks semimajor axis estimated
to enclose all CO emission.

total intensities were measured in apertures. To defingabeaes | first looked at the

SPIRE 25Q:m images, which | fitted with SExtractc ' ts 1996 find

the Kron ellipse and FWHM ellipse, thus measuring the shapoeocaientation of the
best-fitting elliptical profile, as well as some measure efrdfdius of this profile. The
250pm images were used rather than the optical ones becauserihsimdistribution
of molecular gas is more likely to trace the dust than thesstard because the SPIRE
250pum beam is of a similar size (Y8WHM) to the HARP and RxA beams (14
and 21 respectively), so that the smearing of the true profile bybiseem is similar in

SPIRE, HARP and RxA images.

If the molecular gas distribution were to follow the dustekathen it would be simple
to integrate the intensity within an aperture of radius étpeither the SPIRE effective
radius, FWHM or Kron radius, to obtain approximately 50, 9@00 per cent of the
flux respectively. In fact, summing within fixed apertureshis way gives variable
results: for some sources the aperture collects only a graation of the emission,
for others it contains too much empty sky background whicingases the noise. It is

therefore necessary to make a more informed estimate ofaheligtribution, which
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can be done by trying a range of aperture sizes and plottingve of growth, showing
the cumulative aperture flux as a function of radius. This d@se by fixing the axis
ratio and position angle of the aperture ellipse using tH&ERrofile fit, assuming that
to first order this represents the shape of the CO emissioamreghis was necessary to
reduce the number of degrees of freedom, otherwise it waelichpossible to reliably

choose the correct aperture.

| scaled these apertures to a range of radii (with incremehtsalf a pixel in the
RxA and HARP maps) and obtained curves of growth of the iatiegrintensity as a
function of semimajor axisid), shown in FigureE413 alld4.4. Using these | selected the
optimal aperture for each source, by picking the smallesttape that was necessary
to contain the total emission. Where no detection was obthircalculatedos upper
limits using the error in an aperture equal to the opticat.siZrrors were calculated
by integrating within the chosen aperture on a variance mmaphich the variance of
each pixel is calculated from the wings of the baselinetsa¢d spectrum, masking

out the expected velocity range of any emission, given byitleewidths in TabldZ}4.

| plotted the integrated spectra within these aperturessidering CO(3—-2) and CO(2-1)
spectra together where both were available, and used thelsdime the final velocity
windows to integrate the CO emission over. Spectra weraaneli to both 20 and
40kms~! resolution to check that the velocity width was approprisitere the spec-
tra were too noisy to tell the true line width, | used the $pectrum to define the line
edges; otherwise | changed the edges only where it was ¢tlaathe CO line was
narrower than the H In either case | defined the line edges as the zero-croseintsp
measured on the relevant spectrum. In SDP1 the CO line appeae broader than
the Hi; it is unusual for molecular gas to be more widespread thamiatgas in a
galaxy, but this source is a known merger so in this case theeddCO line is plausible.
Results are summarised in Tablel4.4, in comparison to COnlidths from the liter-
ature. These latter may be narrower than in the HARP and Rh&g<because they
are single-beam measurements containing only the ceagriains. H line widths can
differ in general because they trace a different gas commoathough in the case of
NGC 5713 and NGC 5719 the HIPASS spectra are blended bedasaided sources

are confused in the Parkes beam and are at similar radiaitiefo
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Figure 4.5: Spectra of the CO(3-2) (black solid line) and CO(2-1) (gréashed line) lines in-
tegrated across the chosen apertures and rebinned to 20th4® or 8Gkm s~ ' resolution. Blue
dashed vertical lines = Hiine width from HIPASS; orange = CO line width from literagjred =

total CO width used for measuring integrated flux.

| repeated the process of measuring curves of growth andtsegjepertures and ve-
locity windows to integrate over, until | was sure that | hadasured the total CO
intensities with the best possible signal-to-noise. Detai the apertures and inte-
grated intensities are shown in Talhlel4.4. Some of the culmduped fluctuating

curves of growth that did not increase cumulatively, or @ased outside of the region
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of expected emission, as a result of bad baseline subtndetwing artificial negative
or positive signal in the maps. In most cases these were renoy masking noisy
receptors or pixels and/or modelling the baseline as a sewater polynomial (higher
orders were not attempted due to the limited bandwidth albkslto fit baselines to).
The HARP cube of NGC 5584 has the worst residual baselinésddd not be ade-
quately subtracted; this is clear from the curve of growthchtialls with increasing
radius. A total intensity was measured in a large apertwresimce many pixels in
the map appear to have some small negative intensity, theureraent is considered
unreliable, and will be excluded from statistical analySsme of the other curves of
growth show either rising or falling aperture measuremantsgh radii, but most are
within the errors indicating that any uncertainties in tlasdline are covered by the
error bar quoted. The HARP cube of CGCG 018-077 shows a jun2p @it around
50”, well outside of the optical and sub-mm emission regionsTéidue to bad base-
lines in the outer part of the cube, but visual inspectiorhefraw and processed cubes
indicates that the baselines in the centre have been a@dgsabtracted, and so the

aperture measurement used is reliable.

Appendix[D contains comments on individual galaxies, tbgewith images of the
optical and sub-mm emission, and integrated flux (zeroth emjrmaps. Figure-4.5
shows CO(3-2) and CO(2-1) spectra integrated within theemapertures and smoothed

to reveal the detected emission lines.

4.4 HI Data

4.4.1 Catalogues

Most of the objects in the sample have B1cm line detections in the literature,
which are useful both for the kinematics (velocity rang&liwidth) and for prob-
ing the atomic gas mass. Data from many surveys are colléctdoe HyperLEDA

database, which lists Hmagnitudes for 15 of the sample. In addition, many of the

sample have been covered by the Parkes All-Sky Survey (HIPASS; Barnes al
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001). The HIPASS tables were searched using the Vizietotata servg reveal-
ing two matches in the HIPASS Bright Galaxy Sample (Korikiaét alll2004), seven
in the main HIPASS catalogue (HICAT; Mevet al.l2004), and one in the Northern
HIPASS catalogue (NHIPASS; Wored al 209_&). Data are shown in Tallle ¥.5.

It is clear that there are discrepancies between the HypgafAL&nd HIPASS fluxes
for some sources, the worst being NGC 5719 and NGC 4030. $hiecause the
homogenised photometry in HyperLEDA has been combined faowide range of
sources. For example, theiHlux of NGC 5719 is based on a combination of 10 dif-
ferent references, with individual flux measurements nagfiom15 — 106 Jy kms ™",
measured on a variety of telescopes, and NGC 4030 similagylB separate measure-
ments ranging from31 — 72 Jy km s~ . Measurements on different telescopes can vary
depending on the uncertainty of the absolute flux calibnafar each, whether the
source is fully sampled by the telescope beam, and whettebyealaxies at the

same redshift are blended within a single beam.

The average HPBW in HIPASS (observed on the Parkes telesoopuilti-beam

mode) is 14.3(Barneset all2001), so all sources in the sample are point sources.

A search of NED revealed that some of the sources are pdtgritiended with oth-
ers at the same redshift. NGC 5713 and NGC 5719 are close lertouge slightly
confused, with an angular separation of 1l8d nearly equal redshifts. NGC 5740
and NGC 5746 are also close together, with an angular sepamit 18.3 and ra-
dial velocity offset of about 15Bms . NGC 4030 is 16.7away from UGC 07000
at the same redshift, but this galaxy is 3 magnitudes faimt¢he optical and has
an Hi flux of 5.9Jykms™" in HyperLEDA (6 times fainter than the HyperLEDA
flux of NGC 4030), so it will not significantly bias the NGC 403@easurement.
For NGC 5713 and NGC 5719, therefore, the HyperLEDA fluxes ilm@aynore re-
liable since they combine data from telescopes with sma#eam sizes, including the
Arecibo 305m dish and the NRAO Green Bank 91m dish. The samalsa be said
of NGC 5740 (which is much fainter than NGC 5746), but for thieeos the HIPASS

measurements are reliable.

The best solution to obtain directly comparable resultafesmple is to draw data from

SVizier hosted by CDS, Strasbouifattp:/vizier.u-strasbg.ir/viz-bin/VizieR


http://vizier.u-strasbg.fr/viz-bin/VizieR

Table 4.5: Compilation of Hi line measurements from HyperLEDA, HIPASS catalogues arRRSE cubes, with self-absorption corrections (see notesvpe

Galaxy HyperLEDA HIPASS catalogues HIPASS cubes Self-giigm correction

Urad  Av SHi Urad  Av SHi Urad  Av SHi Z(O) t c fH I Sﬁﬁrr
NGC 4030 1463 295 37216 1465 441 72.0+£0.9 1465 413 56.9: 1.5 40 4.04+0.2 0.04 1.01£+£0.01 728+74
NGC 5746 1723 633 26.3+1.4 1724 721 29.4 15 84 3.0+0.3 0.04 1.094+0.09 28.7+3.3

NGC 5713 1899 160 35.8+£1.8 1899 390 48.8:5.1% 1899 587 73.6:1.4 48 4.04+0.3 0.04 1.02£0.02 36.5£4.1
NGC 5690 1753 266 19.880.68 1754 398 25.64 0.5Y 1753 374 2188089 76 54405 0.16 1.25£0.256 321+£7.3
NGC 5719 1732 355 31.7£15 1756 660 68.3-5.1°% 1733 587 74.6£1.2 71 24+£0.6 0.00 1.00£0.00 31.7£3.5
NGC 5584 1638 166 21.7460.92 1638 280 27.1+0.4 1638 267 25.540.62 42 6.0+£0.3 0.14 1.04+£0.04 283£3.1
NGC 5740 1571 308 21.90+£0.88 1572 409 33.3:05 1572 413 29.680.80 55 3.0+04 0.04 1.024+£0.02 22.3£24
NGC 5705 1760 168 18212 1758 279 279+04 1758 320 26.2%0.72 65 6.5+1.1 0.14 1.13£0.13 31.5£4.8
UGC 09215 1389 162 16381.0 1387 296 23.7£0.5 1397 280 2112057 64 64409 0.14 1.12£0.12  26.6£4.0
NGC 5496 1541 212 39414 1541 335 60.9£0.5 1541 373 56.720.73 82 6.5+0.8 0.14 1.32£0.32 80.3+21.0

NGC 5750 1687 374 5.1%0.30 1687 640 13.8+1.1 66 04409 000  1.00+0.00 13.8+1.7
NGC 5691 1871 130 7.660.28 1881 219 55+0.3 1870 213 563071 44 12+0.6 000 1.00£0.00 55+0.6
C013-010 11843 11843 500  <5.07 65 1.54+29 0.00750%  1.007005 <5.07
NGC 3907B 6252 408 3.28+0.12 6228 500 <5.81 84 31+04 004 1.09+0.09 3.6+1.0
C 018-077 7676 7674 500 5.44+093 74 6.0+20 0.1470% 1204020 6.5+1.8
NGC 5478 7530 7539 430 6.03+0.78 49 36+0.6  0.04  1.024+0.02 6.1+1.0
NGC 2861 5134 120 2.49+ 0.09 5086 500 <6.22 25 3.7+06 004 1.00+0.00 25+0.3
SDP 1 9174 240 0.5340.09 42 04+50 0.007955  1.00M000  0.5+0.1
SDP 4 8281 8241 500  <4.82 75 0.1+20  0.00  1.0040.00 <4.82
SDP 15 16326 28 45+50 0047037  1.000002

Notes: All fluxes areJy kms™!: the final flux used for analysis is highlighted in boldfacgperLEDA fluxes are calculated from magnitudes in the datalsing

log Sy, = (17.4 — m)/2.5. HIPASS catalogue fluxes are from HICAT except where mark¢B®C) or N (NHIPASS). Radial velocitieg{, kms™') from HyperLEDA are
taken from the radio measurements (thad parameter), while the line width\v) is estimated from the maximum velocity of the g&snaxgx2). Velocities from the
HIPASS catalogues are given by tfisys or Rv50maxkeywords, and widths afeV2— RV1 (which generally exceedémaxgx 2). Fluxes were measured in the HIPASS
cubes between the zero-crossing points, and where no liseletacted & upper limit was measured assuming a width of 580s~'. Corrections for H self-absorption
(fu,) are given by equatiofi{d.2), as a function of inclinatioglari and de Vaucouleurs typefollowinglHaynes & Giovanellil(1984). Errors ofy, include both the
uncertainty ort (from HyperLEDA) and a00% uncertainty on the self-absorbed fraction (see text).fiSma the final corrected fluxeS{") include the error orfy, as well
as measurement errors from on the flux ard% calibration error added in quadrature.
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a single survey, which will have been measured on the samesctgbe at similar times,
and reduced and calibrated in a self-similar way. | theeetgted to use Hfluxes from
HIPASS as a priority, with the three exceptions noted abbee the brightest sources
these were available from the catalogues, as shown in [2Bjevhile additional data

for all sources were obtained from the public HIPASS archiselescribed below.

4.4.2 HIPASS 3-d Data

The full HIPASS dataset is publicly available to query and/dmad via the ATNF H

Gatewald. This can be used to obtain spectra at any position withistineeyed areas,
and measure line fluxes where they are detected. The spettraddo a maximum
radial velocity ofcz = 12,000kms ', so the two sources at > 0.04 (SDP 1 and
SDP 15) are not covered. All other galaxies in the sample avered within this

dataset.

| downloaded data cubes of the relevant survey areas, anddths®BSPECT routine

in theMIRIAD software packa@ to measure point-source spectra at the required po-
sitions. The low resolution of the map compared to the sizé®fjalaxies means that
they will be point sources. A source can still be betweenlpjpteowever, SMBSPECT
samples all pixels within & x 5 box to produce a weighted spectrum representative of

a point source at the requested position.

First-order polynomial baselines were subtracted fronspeetra (except for NGC 2861,
NGC 5478, CGCG 018-077 and SDP 4, which required fourth+cfits, and lines
were measured between the zero-crossing points, as shdvigure[4.6. Results are
compared to the HIPASS catalogue results in TRRIe 4.5. |emgéthe results obtained
from the cubes are similar to those in the HIPASS cataloguih,three notable ex-
ceptions. NGC 5713 and NGC 5719 are blended and at the sametyeko the
measured fluxes will depend on the pixels included in the terd) spectrum and on
the line range chosen. The flux measurements in the HIPAS®gaes have not been

deblended, but these galaxies were fitted as point sourcbesded flux from the

OATNF H1 Survey Gateway hosted by CSIRO, Australlattp://www.atnt.csiro.au/

research/HI/hipass/
Havailable fromhttp://carma.astro.umd.edu/miriad/


http://www.atnf.csiro.au/research/HI/hipass/
http://www.atnf.csiro.au/research/HI/hipass/
http://carma.astro.umd.edu/miriad/
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Figure 4.6: Baseline-subtracted spectra extracted from the HIPAS8<atihe positions of galax-
ies in the sample. Spectra are rebinned t&43 ' resolution. The predicted centre of the line
(given by the galaxy’s redshift from NED) is marked as a dbtbeown line. Red lines indicate
the range between the zero-crossing points that is inegjtatmeasure the total flux, or, for unde-
tected sources, the range over which the Bpper limit was measured. The turquoise horizontal
lines mark the baseline-subtracted continuum level (eeoand thet1oc RMS levels in theaw
spectrum (measured in the wings of the spectrum outsidénte Note the similarity in the veloc-
ity range of emission in the NGC 5713 and NGC 5719 spectraalsadNGC 5746 and NGC 5740.
This is due to the blending of these two pairs of galaxies @HIPASS beam. Note that there is a
detected emission line in the spectrum of NGC 3907B, butishéstually NGC 3907, which also
falls within the beam but is at a slightly lower redshift. &ig continues on the next page.
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Figure 8 continued.

neighbouring source should have been minimised (s_eaMﬂwll 004). The flux

between the zero-crossing points in Figlrd 4.6 is certaanlyverestimate in these

cases, but the BGC measurements used a smaller velocitg sangre likely to be
more reliable. The third exception is NGC 4030, which is nggicantly blended (as
discussed in the previous section), neither is it extendkdive to the HIPASS beam,

so itis unclear why my measurement misses 20 per cent of thegjhorted in HICAT.

NGC 5746 could be blended with NGC 5740 (as discussed abalttedugh being the
brighter of the two its flux isn't greatly biased (c.f. Hyp&DA flux in Table[£L5).
The measured flux of NGC 5750 on the other hand is significdmgiiyer than that in
HyperLEDA, but this discrepancy cannot be accounted fordoyfusion. The nearest
neighbour at the same redshift is LCSB FO044N (using NEDJjclvis at 14.3 this
galaxy is 3 magnitudes fainter in the optical and has nart¢asurement in HIPASS or
HyperLEDA so is unlikely to be bright enough to significantljas the measurement

of NGC 5750.

To summarise, | used HIPASS catalogue measurements wheyemére available
and not blended, and measured fluxes in the HIPASS cubes diocesonot in the
catalogues. | used HyperLEDA fluxes for galaxies that wetedetected in the cubes
or were blended in the Parkes beam. This left two sourcesamithupper limits from

the cubes, and one with no data at all.

4.4.3 HI Self-Absorption Corrections

H 1 fluxes and masses will be underestimated if there is suftictical depth in the

line of sight for Hi clouds in the source galaxy to absorb emission from thosmbteh
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them. This optical depth can depend on the inclination ofilexy, its morphological

type, velocity dispersion and the thickness of theditk (e.g. Heidmann, Heidmann &

de Vaucouleurs 1972), and also on the column density of icidal H1 clouds n

2012). Self-absorption is often ignored or assumed ndaégn the literature (e.g.
HIPASS)Barnest alli2001; ALFALFA,|Giovanelliet alli200%; THINGS| Walteet al
EEL; GASS| Catinellet all[2010), although HyperLEDA includes estimates of the

attenuation due to self-absorption, follow i ' Irs

1972). Some of the galaxies in this sample are highly irecliand all are dust-rich, so

the density of gas is likely to be high. It is therefore pruderconsider the possibility
of H1 self-absorption (and especially the uncertainty thatititrt®duces) which could
affect measured correlations between thefldx and optically thin emission such as

FIR and sub-mm.

Various approaches have been used to correct measuredftiugeff-absorption. Hei-

dmann, Heidmann & de Vaucouleu 972) used observiecblimn densities of 64
galaxies combined with geometrical arguments to derivergecton as a function of
inclination angle for a thin disk, obtaining correction factors up to 1.4 fox 85°.
However, they argued that for real galaxies with typicatrealfor the scale height and
velocity dispersion of Hl, the correction would be less severe, and derived factots up

1.19 fori < 85°. Inclination angles for the current sample are listed in éYy&EDA,

and range from 25 to 85 UsinglHeidmann, Heidmann & de Vaucouleurs’s predic-

tions, two of our sample (NGC 5746 and NGC 3907B) have camedactors of 1.19;

IaII others are less tlhan 1.10.

Haynes & Giovanellil(1984) took an empirical approach arived correction factors

as a function of axis ratio for various morphological typesing 21 cm observations
of 1500 galaxies to measure the relationship between subiaghtness of the line and

axis ratio. The correction factor applied to measured flisgs/en by
fri = TZ-_C (4-2)

wherer; = cosi is the observed axis ratio, angaries from -0.02 to 0.16 depending on

morphological type (de Vaucouleurst alll1991). Using this formula, and type infor-
mation from HyperLEDA, the two aforementioned galaxieseéhaurrections of only

1.09 (because they are early-type spirals), while the cborefactors for three highly
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inclined late-type spirals are higher (1.20 for CGCG 018:0%.25 for NGC 5690;
1.32 for NGC 5496).

| e—

Langet al. (2003) advocated even higher correction factors, whicl #igued were

necessary to account for the observeidihss function and the relative dearth of high
inclination anglesi( = 74°) in the blind Hi Jodrell All-Sky Survey (HIJASS). Those
authors used the functional form of equatibnk4.2), but dicconsider any dependence
on morphological type, due to their smaller sample size (@8beir 222 detections
had measured inclination angles). They used a subset ottmaple withi > 50° (105
galaxies) to derive the slope of this function, obtainingaéuec = 0.2 steeper than

those derived bLI:I.a;LD.&S_&_G_LOALa.DlE Jj_(_'IJa84), although theeutainty on this value

is large due to Poisson counting errors in their inclinabors. Following Langet al

003), the five galaxies in the sample with- 74° have correction factors between

1.3 and 1.6.

In conclusion, the self-absorption corrections are uagerbut unlikely to be negligi-

ble as is often assumed. The corrections propose ' 1(1984) are

based on empirical fits to a large sample and take into aceoanghological type as
well as inclination angle, so | take these to be the mostbigial apply corrections

to galaxies in the sample withtypes between 3 (Sb) and 8 (Sdm), and to account for
the scatter between different estimates of the corredtimmmservatively allow d00%
error on the estimated self-absorbed fraction itself &.eorrection of 1.3 has the error
+0.3, such that the error bar encompasses a null correctionilBef the corrections

are shown in Table4.5.

4.5 Analysis

4.5.1 Correlations between Global Fluxes

The aim of this project is a comparison between the gas andpdaperties of this
sample of local galaxies selected from H-ATLAS. As discdsseSectio 4112, it is
known that the CO line intensity is correlated with FIR fluwessa result of the SK

law, and correlations have also been observed in the submbowiredshift galaxies
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4

Dunneet al.l2000: Yaoet al.i2003: Corbelliet al.l201?

Wilsonet alli2012) and high-
redshift SMGsl(Grevet all200%; lonoet all[2009;| Engelet al. 2010;iMagdiset al

2011; Bothwellet alli2012). The current sample is novel because it was seleded fr

a blind survey at 500m, so is selected on cold dust mass rather than FIR luminosity
or SFR (see Sectidn'4.1.3). Since this sample has excetiertage of the IR SED,
one can explore whether there is a correlation between thér@®and IR fluxes at
various wavelengths, what the slope and scatter in thisladion are, and whether
they vary systematically with the wavelength of the IR bairel petween the FIR, at

A < 200 pm and the sub-mm at = 200 pm).

Figure[4.Y compares the global fluxes in the CO lines to thbajlfiuxes in the IR
from 60 to 50Qum, and to the H fluxes described in Sectign #.4. The total integrated
intensities (K kms ™' 7%) in TablelZ3 have been converted to fluxinkm s~ using

. QkBQ[CO

Sco = 4.3
o= (4.3)

b}

(e.g.[Rohlfs & Wilsor 2006), wherg,, is the main-beam efficiency of the telescope

(which corrects for emission scattered outside of the eéptrak of the beam), which
is taken to be 0.63 for HARP and 0.69 for RxA, following the JCKuide to Spectral
Line Observin@. In this equationf? is the solid angle (in steradians) over which
the intensity is averaged; for point sources measured ingesbeam (i.e. SDP4 and
SDP15 in RxA) this is the beam area, but the majority of saare extended and
measured in apertures. For these the relevant solid angike igixel area, which is
(7.5 arcse®for HARP and (10.0 arcsetjor RXA maps.

The flux measurement for NGC 5584 is included on the plotsdanmarison (the cir-
cled point), but due to poor baseline subtraction in the ¢bberrors on this point are
likely to be larger than the error bar shown (which is esteddtrom the RMS mea-
sured in each pixel of the cube). Moreover, the curve of gnasttows that both large
and small apertures contain negative flux, suggesting tieaotal flux measured may
be significantly underestimated if many pixels have redidegative baselines. For
this reason, the CO(3-2) flux of NGC 5584 is excluded from threetation analysis

in this section.

In Figure[4Y, correlations clearly exist between the flurgsoth CO lines and all IR

12http:/iwww.jach.hawai.edu/JCM T/spectral line/
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Figure 4.7: Scatter plots of global fluxes in each of the CO lines as a fanaf IR fluxes from
IRAS60:m, 100pum, PACS 16Qum, SPIRE 25Q:m, 350m, 500um, and finally Hi flux. Data
from HARP and RxA are plotted as filled black circles and greersses respectivelyo upper
limits on CO and H fluxes are also shown as thin arrows. The circled point is thRPimeasure-
ment of NGC 5584, which may be inaccurate as described iretie$pearman’s rank correlation
coefficients are printed in the top-left corner of each panel
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Figure 4.8: Scatter plots of global fluxes in Hand the IR bands (as in Figure}.7). Spearman’s
rank correlation coefficients are printed in the top-leftr@y of each panel. For galaxies with no
flux in the literature and no detection in the HIPASS culiesupper limits estimated from the
cubes are plotted as thin arrows.

bands, but there is considerable scatter outside of the lears, indicating intrinsic
variation within the sample. A correlation also exists betw CO(3-2) and Hfluxes.
There is no significant correlation between CO(2—1) andafthough there are only

six objects with both lines detected.

Figurd4.8 shows the correlations between thdltikes and the same IR bands. Scatter
is particularly high in the correlation with tHRASbands, but shows a marked reduc-
tion as the IR wavelength is increased. Two notable outpersist through each of the
plots in Figurd’4B, which are SDP 1 (with the lowest ftux) and NGC 5496 (with

the highest). These two are also outliers in the CO<birrelation (Figurd_417, last
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panel), with SDP 1 having a very high CO(2-1)/katio, and NGC 5496 having low
CO(2-1)/Hi and CO(3-2)/H ratios (the latter being an upper limit). These outliers
will be revisited in Sectioi Z.5.5.

4.5.2 Scatterin the CO-IR Correlations

There are various ways to quantify scatter in order to makepewisons between dif-
ferent correlations. For example, Spearman’s rank cdroel@oefficientr, is a non-
parametric measure of the correlation between the rank ofde set of data in two
coordinates®{ andy). Values ofr, for each correlation are printed in both Figured 4.7
and[4LB. These are calculated from the log fluxes using atctled points [except for
NGC 5584 in CO(3-2)].

Itis worthy of note that the, values show a decrease in the level of correlation between
the IR and CO(3-2) flux as the IR wavelength is increased. Xbegion to this is the
IRAS60m band, which may be due to larger relative errors increasiagihcertainty
on the correlation coefficient, or may result from a contiidy of 60,m emission
from VSGs (I will discuss this possibility in Sectién 4b.3Jhe decreasing trend at
A > 100 pm is inverted in the correlations with Hfluxes, which show an overall
increase i, with wavelength. The correlation of IR flux with the CO(2—ik)d also
shows a general increase in strength with wavelength, atidig that the emission in
this line may be more closely related to cold dust, and pbskib, than the CO(3-2).
These trends are visualised in Figlrel 4.9 (left-hand pamelyhich the errors om,
are estimated from a jackknife resampling of the data. Tée®ants for the potential
bias of individual data points which may be spurious (e.gcaurate as a result of poor
baseline subtraction). With these errors-grt is apparent that the evolution in thelH
IR correlation is significant, but that in the CO(3-2)—-IR &@@(2—-1)-IR correlations
is less so. Itis also significant that CO(3-2) is better dateel with 10Q.m than either
CO(2-1) or H, and Hi is better correlated with the sub-mm (350 and p@{) than
either CO line. The same trends are observed using alteemagasures of correlation,

including Pearson’s coefficien and Kendall’sr parameter.

None of these parameters take into account errors on thedndi data points, which

themselves contribute to the scatter and can thus redu@ppieent correlation. We
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Figure 4.9: Spearman’s rank correlatiog? of the best fit, and slope of the best fit, for the rela-
tionship between line fluxes and IR fluxes as a function of IRelength.

therefore need an estimate of the additional scatter alt@ateekpected from the size
of the error bars. A useful statistic for this measurementisvhich is often used to

test the goodness-of-fit of a modg] to a set of NV data pointsD;, with errorso;:

N
5 (D; — E;)?
=D o2

=0

(4.4)

This explicitly describes the ratio of the measured deoratif the data from the model

to the expected variance due to errors. Unlike non-paraersgtitistics such as Spear-
man’s rank coefficienty? depends on the model that the data are compared to. Yet
if one assumes a plausible model for the general trend in dteg dne can use this

to measure the scatter away from that trend. Straight lisgdithe logarithmic data
(power laws in linear space) were obtained, weighting bgreron both line fluxes and

IR fluxes. Slopes close to unity were obtained in all cases Fsgurd 4D, right-hand
panel), although there is some variation between diffdieas/bands, which may be
genuine or may be biased by outliers in the individual pldtsese fits represent the
“model” in equation[[Z}), and the? of the fit quantifies scatter away from that model,

accounting for the error bars.

Thex? values for each of the correlations are shown in Figude 4i@di®), with errors
estimated from a jackknife resampling of the data in the sameas the errors on,
were obtained. Thesg? values pertain to the best-fit slopes which vary between dif-
ferent correlations, but indistinguishable results wésamed using a model with the
slope fixed to unity. The? values undergo an overall increase with IR wavelength for

the CO(3-2) correlations, but an overall decrease for th€€0 and H correlations.
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This is consistent with the inverse trends measured in tireledion coefficients (since
2 measures the opposite of correlation). Overall, the tramtisate that the CO(3-2)
emission, tracing dense molecular gas in star-formingregiis better correlated with
100um fluxes (at the peak of the SED) than fluxes at longer wavelsngthich are
increasingly biased towards emission from cold dust). Bleethat opposite trends are
observed by substituting Hor CO(3-2) implies that the colder dust is more closely
related to the H content of the galaxy than the dense molecular gas. It ig Glean
Figure[49, however, that the evolution is not completelyhptonic, and in particular

it is unclear whether CO(2-1) is significantly better catetl with the SPIRE bands
than with thelRAS

Another ambiguous observation is that tftevalues for the H—sub-mm correlations
imply a similar level of scatter as in the CO(3-2)—sub-mnrelations, while the-,
results imply less scatter in theiHsub-mm (see black and yellow lines in Figlrd 4.9).
It is possible that this discrepancy arises from undereging the systematic errors
on Hi fluxes, which are from multiple sources, unlike the CO. Urelgimated errors

would lead to highex? overall (sincey? measures scatter beyond the errors).

A simple way to quantify the confidence of the trends with wength is a linear
least-squares fit to the data in the left and middle panelsgufre[4.9, resulting in an
estimate of the slope and its uncertainty (from the jackkeifror bars), assuming a
linear trend. In fact the trend is unlikely to be linear, anth@re sophisticated fit may
give smaller errors, but in the absence of a more realistidahibie simplest trend that
we can test is a linear one. The results of these fits are asvi&llfor CO(3-2)s5(\)
has a negative slope with3o confidence, ang?()\) has a positive slope with.10
confidence. For CO(2-1),(\) has a positive slope with50 confidence, ang?(\)
has a negative slope with8s confidence. For K, r,()\) has a positive slope with
10.40 confidence, ang?()\) has a negative slope withOo confidence. Thus one can
say with a good level of certainty that the correlation of G€X) with the IR becomes
tighter with decreasing wavelength, and the correlatiod oWith IR becomes tighter
with increasing wavelength. The correlation of CO(2-1)iR may also become

tighter with increasing wavelength, but we cannot be cerft@m these data.
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4.5.3 Relationships between ISM Tracers

An increase in the scatter between CO(3-2) and IR with istngalR wavelengths
may indicate that the amount of dense gas (which emits theehigxcitation CO lines)
is more strongly associated with warm dust (which dominates 100 m) than cold
dust (which dominates at longer wavelengths). This is aest with the notion of
dense gas being the fuel for ongoing star formation, whiahrisctly traced by emis-
sion from warm dust. Applying similar arguments to the srain the HI/IR [and
CO(2-1)/IR] indicates that atomic gas (and diffuse molacglas) is more strongly
associated with cold dust, although the situation is nareteit with CO(2-1).

The scatter in the CO(3—-2)—@fn correlation does not follow the trend of the other
wavelengths, suggesting that the;60 emission also contains some contribution that
is less well correlated with star formation than 360. One possibility is that the

60um fluxes contain some emission from VSGs (see Sedfion]1.3.Hys& emis-

sion spectrum depends on transient heating by individuatigets (Draine & Anderson

1985). The incidence of VSG emission varies between diftespiral galaxies and

may be better correlated with cold cirrus dust rather thamwaust and SFR (Draine
&Anderson.l&dS' 87; Xu & He'lou 1994)

Looking at longer wavelengths__CXJ.l:bﬂLa.II 012) used the CO(1-0) line to trace

the molecular gas content in Virgo spirals witterscheldata from HeVICS. This

line traces the total molecular gas mass (modulo unceieaim the X factor), and
those authors found that it was better correlated with cakt than warm dust. Since
CO(2-1) tends to be more closely associated with CO(1-0)@@(3-2) [(Israeét al

1984 Braineet alll1993; Sakamotet alll199%), one would expect correlations involv-

ing CO(2-1) to follow the same trends, as is suggested (dytnowed) in the current

sample.

There are also parallels in the results of Wilsball .Z)DJ)), who mapped three spirals
in the Virgo cluster in CO(3-2) and CO(1-0), and concludeat the CO(3-2) tran-

sition was better correlated with two different SFR indarat— 24um, tracing warm

dust, and k, tracing ionising radiation from OB stars. LikeWifi_e_IQ.ena.I] .Z)DJ))

andl Gao & Soloman| (2004b) found strong correlations betwasmmse gas tracers
[CO(3-2) and HCN respectively] and the FIR, wriLeJA[LIEImI] 012) observed a
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strong CO(3-2)—FIR correlation in low redshift Hselected galaxies from the NGLS.

All of these results constitute strong evidence for dustfégrént temperatures inhabit-
ing different phases of the ISM, with warm dust being asdediaith dense molecular
clouds and cold dust with the diffuse ISM. It also directlypines that cold dust is less
strongly associated with star formation than warm dustngesstar formation is fueled
by the dense gas. This could have implications for theoffi¢seoheating mechanism
for cold dust, since ifitis less well correlated with SFR (I.rr) then it may be heated

by sources other than young OB stars. AGN are a potentiateafrdust heating, but

they are known not to contribute at the wavelengths of isténere |(Schweitzest al

006; Gallimoreet al.2010; Hatziminaogloet ali2010). It is likely that the cold dust

is heated at least partially by old stars (e It 1996; see also

Section[I.W). There is much observational evidence to stipipis theory, from the

correlations between FIR colours and photometric trackeosdoand young stars, both

in resolved regions within galaxi i 011:Komuaiet alli2011: Bendo

A4

et al.2012; Grovest all201’
of galaxies|(Totanét alli2011; Boselliet al.l2012).

LSmithet al ) as well as in the global properties

The high level of scatter in the correlations between thesde@O and the long-
wavelength bands in particular shows that these wavelsragth poor tracers of the
SFR in sub-mm-selected galaxies. Even the L@and shows considerable scatter
suggesting a significant contribution from cold dust notrelated with the SFR. Re-
liable IR SFRs can only be obtained from full SED fits to dataecing the peak, and

allowing for emission from at least two components of dust.

4.5.4 Slope of the CO-IR Correlation

The slope of the relationship between SFR and molecular gas,nor between their
densities (the SK law), is of interest for understanding Istav formation is regulated
in galaxies. As discussed in Sectlon411.2, the slope of theRIR relation will vary

from the underlying physical relationship, depending anlihearity of the conversion

from the particular CO tracer to molecular gas mass.

The slope of the CO-IR flux relationships, plotted in Fidu/@ 4ary for different IR
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wavelengths and for the two CO lines. The slope is close tdat.all combinations,
but for 60um fluxes (which are most closely related to the SFR, assumiey dine
dominated by large grains) the slope for both lines is leas timity. The photometric
data can be used to estimate integralteg, a commonly-used estimate of the SFR
that is less likely to be biased by VSG emission than thei6Glux. | therefore used
the six photometric points for each galaxy (or five wh&rg was unreliable; see Sec-
tion[4.2.2) to fit a two-component SED model. Dust exists @rme of temperatures,
but in general the SED in this wavelength range can be adelgugscribed by a com-
bination of a warm component), ~ 50 K), representing dust in star-forming regions,
and a cold componenf{ ~ 20K), representing diffuse dust in the ISM. The spec-
trum of each component follows a greybody law, given by eiqugfl.4), and the full

two-component model is given by

v B
Lo (v) = 47 ksso <—> [My,B, (v, T,y) + M.B, (v, T.)] . (4.5)

V50

This contains a dust emissivity terr), < v?, normalised ats;, = 0.077 m?*kg™*

atuvgso = ¢/(850 um) (Dunneet all2000). Uncertainty in this value leads to a sys-

tematic uncertainty in the normalisation of dust massesabsuming that large dust
grains (which dominate this part of the spectrum) have sin@mission properties in
different galaxies, the trends observed in the resultsheillobust. Results will also be

comparable to others in the literature since this is theevitat is typically assumed.

The spectral index of emissivity was fixedat 2 (e.g.Dunne & Ealés 2001; also see

discussion in Section-3.4.4). The remaining free pararaeter the masses of warm
and cold dust,M,, and M,; and their temperaturés, and7,.. Without additional
short-wavelength data it is not possible to adequatelytcainsl,,, but the other pa-
rameters were well constrained after fixihg. | tried a range of values fdr,, between
30 and 60K, and | chose 45K because it gave the minimémFitted values off,,
range between3 and25K; M,, /M, betweer).0006 and0.03; and Mgyt = M, + M.
between3 x 10°® and2 x 10* M. Note that the uncertainty df,, means that\/,,
(henceM,,/M.) is unconstrained, but the SFR, which depends on luminasityell
constrained, as is the total dust mass which is dominatet/ byThe potential for a
varying 5 leads to a small uncertainty . and M,; for example usings = 1.5 leads

to a temperature increase by up to 7 K and a change in mass ottt per cent.
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In addition to the fitted parameters of these models, | obthirr = Lio—120 ym, @

good proxy for SFR (e.d._Kennicltt 1998a), by integrating thodel SED [g is

independent of). In Figure[4.1ID | plotLgr against the CO luminosity in each of the

two emission lines, defined as

2
Leo = = Kkms ™' pc? (4.6)

where d;, is the luminosity distance in pc. In general one should bdigas in
analysing correlations between luminosities where thergrare large, since the two
sets of variables being compared are not independent @utiigkfluxes). The conver-
sion to luminosity includes a factak that is common to all bands, which means that
the correlation can easily become dominated by this strongtion of distance (to the
second power) rather than the weaker function of flux (to tist fiower). In order
to remove this confounding effect, | plot the ratio of lumsitges againsi.co in the
right-hand panel of FiguleZ10.

The scatter in these plots confirms that CO(3-2) is betteetaded with the integrated
FIR than CO(2-1), as was also seen in the flux correlationse IHx/L 3o ratio
appears to be roughly constant across the sample, althowglgalaxy is a notable
outlier (NGC 5691, which has the lowekt;_,, and the highest ratio). This is a very
blue spiral galaxy which appears to be highly star-formibgtso has a relatively high
M,, /M. ratio from the SED fit, indicative of a hot SED.

To measure the slope in the correlations, | fitted linear rwtiethe log data in the
right-hand panel of Figue"41L0, including error bars inhbibte x andy axes. These
indicate that the slope of thie-r o< L2, relationship isiz, = 0.75 £ 0.05 (x* = 38)

for CO(3-2), andny;, = 0.43 £ 0.05 (x* = 150) for CO(2-1), although the high

2 of the latter fit suggests that,, is highly uncertain. For reference, Ya al

003) fitted a slop@s; = 1.4 in their 60um-selected SLUGS sample (although they

only measured CO in the central”16f the galaxies), while_lonet all (2009) found
nsy = 0.93 for a sample of local and distant LIRGs covering five ordermafnitude

in luminosity. However, the index may vary between diffédeminosity regimes (e.g.

Genzelet alll2010; Wilsonet alli2012), and most of the current sample are not LIRGs
(see Figur&Z10).

Gao & Solomoni(2004b) fitted a slope of, = 1.25 to the L(;_¢) — Lgr relation
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Figure 4.10: Integrated FIR luminosity.rir = L4o—120 .m, from two-component SED fits, versus
CO luminosity (left); and the ratidrr/ Lco versusLco (right).
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Figure 4.11: Total dust mass from two-component SED fits versus CO lunitin{®p left), and
the ratio Mqyysi/ Lco versusLeo (top right); dust mass versusiHuminosity (bottom left) and
Muyusy/ L versusLy (bottom right).

in a large sample of nearby

was fitted by Macet all (201

galaxies, yet a much flatter slépe o= nz; = 0.87
) to both CO(1-0) and CO(3-2) data spanning over

four orders of magnitude in luminosi non’s dspanned 2.5 orders of

magnitude). Finally, Wilsoret

all (2012) analysed a sample ofiHselected galaxies

in the NGLS and SINGS, in comparison to the LIRG sample_of lehal. (2009).

They split the local galaxies in the NGLS into two luminosignges and found that

galaxies with8.3 < log,, Lrr < 9.5 had systematically highdrgr/L;_o) ratios than

9.5 < log,, Lrr < 10.7 galaxies (i.engy < 1; see Figure 5 of Wilsoat alli2012). This
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is consistent with the sub-linear correlation seen in threetii data. On the other hand,
Wilsonet all (2012) showed that the LIRGs fer_IQ.m_a.l, .ZODJ)) had higher ratios,

and Wilsoret all fitted a slopes, ~ 1.2 for all the galaxies withog,, Lrr > 9.5. The

galaxies in the current sample fall in the rarfye < log,, Lrir < 11.4 (though only

two havelog,, Lrr > 11) and the mean (standard deviation)@f, (Lrgr/L3_2)) iS

1.74(0.33). This is consistent with galaxies in the samgedrom Wilsoret all (2012)

and significantly lower than the mean for (U)LIRGs and SMGs.

Clearly there is a large amount of uncertainty on the slopthisfcorrelation, with
different results being obtained in different samples andifferent luminosity ranges.
If different metallicity ranges are probed by the variousipies then this must surely
play a role, since metallicity affects the CQ/Eonversion factor (I will return to this
possibility in the next section). Itis certain that galaxselected to be luminous at FIR
wavelengths at low and high redshifts have systematicailydr Lrr/ Lco ratios than
ordinary, main-sequence SFGs (as shown in Figuie 4.2)ewdthl sub-mm-selected

galaxies appear to follow the latter.

455 CO, Hi and Dust Mass

Figure[4. 11l shows the dust mass from the SED models as adorafti.co and Ly,

as well as the ratios as in Figure4.10. Errors on dust maksii@a 10 per cent error
due to the uncertainty gf (see above), added in quadrature to the random errors from
the SED fit. The scatter indicates that the CO(3-2) is morsetyocorrelated with
Mgust than CO(2-1) is, although CO(2-1) is still better corredatgth My, than it

is with Lgr (see below). The galaxy with the lowesfy,s/ Lco in both CO lines is
NGC 5713. This galaxy is atypical of the sample as it is a statigalaxy from the
SLUGS sample. Apart from this one outlier, there is a gehesttong correlation

betweenMy,s{ Lco and Lco, With a slight negative slope.

The scatter inV/gysf Ly IS greater than id/y,sf Lco, implying that dust traces CO (and
potentially H) more closely than it traces IHThis is in spite of the implication from
the flux correlations (seg in Figure[4.9) that the sub-mm is better correlated with H
than with CO. Itis not clear why this is not observed in the slasinosity trends, but

it is possible that scatter is introduced by the range ofdfittest temperatures, which
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may be real or may be a symptom of variationgiokithin the sample. Nevertheless,
this casts doubt on the assertion that the dust mass is igirassociated with H. The
dust/gas ratio is likely to vary between galaxies of diffénmetallicities, and this will

affect the CO/H ratio (e.g _Iss.a_M.as:La.Le.n_&Mie.n.du.Le_J_BQO). Hence thestation

between CO and/y,ssmay be stronger because galaxies with different metadgfall

on the same relation, even though they have varying dusifid dust/H ratios.

Two particular outliers stand out in they,s/ L1y, correlations: SDP 1 (with the highest
Mgus{ Ly) and NGC 5496 (with the lowest). Both of these were also exglin the
CO-Hi correlation, and in H-IR, as discussed in Secti@n 415.1. SDP 1 is a spec-
troscopically identified AGN as well as being the brightestirse in the H-ATLAS
SDP field. The visual morphology indicates a merger and.ifg = 2.6 x 10! L
makes it a LIRG, so it is atypical of the sample. It is also gussthat the H self-
absorption is underestimated for this source (in which d¢aseould have a lower
Magus{ Lri) — the correction in Sectidn4.4.3 is based on morphologyiadihation
alone, but this is likely to be unreliable for mergers. Thgeobwith the second-
highestMgysf L1 is NGC 5746, which is a dust-rich edge-on spiral, and it issfine
that the self-absorption correction was underestimatetihie galaxy also. NGC 5496,
which has the lowest/y.s/ L, is another edge-on disk galaxy but is very blue and has
low surface brightness (unlike NGC 5746 for example). Dughhigh inclination,

the Hi flux has been corrected by a factor of 1.32 for self-absanptiowever without
this correction this object remains a significant outlierjtsappears to have an intrin-

sically low dust/gas ratio. It is also likely to have low miétaty since it is a blue,

low-surface-brightness galax 1991).

Fitting the slope in thé/y,s/ Lco and Myys{ Ly ratios (as in the previous section), |
estimate that the slope 8fyyst oc LE,py iSmas = 0.43 £0.05 (x* = 44) for CO(3-2),
mer = 0.16 £ 0.05 (x2 = 107) for CO(2-1), andny, = 1.00 + 0.06 (x> = 165)
for Hi. Excluding two outliers (SDP 1 and NGC 5496, which may haveslieble
self-absorption corrections) from thelkorrelation yieldsny, = 0.99 + 0.06 with
x? = 95. The highy? values are a result of intrinsic scatter in the data, rathan t
an inadequate model, but as a result the uncertainty on dpesis probably higher

than the formal errors quoted. Thé values demonstrate that the scatter is smallest
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in the Myus{ L(3—2) data, as discussed above. However, it is likely that theetation

in Maus{ L(2—1) would be much improved if more data points were availablecesi

this is more closely linked with total molecular gas mass orbelli et all2012).

Nevertheless, according to thegeé values, CO(2-1) appears to be better correlated
with Mg.s than with Lgr, while CO(3-2) is marginally better correlated witl g
than My,s, consistent with the results in Sectian415.1.

The slope of theMyys—L2—1) and Myyse—Lyy correlations is inconclusive from these
data given the error bars and thof the fits, but the correlation of/g,s; andL_o) is
very tight, and has a significantly sub-linear slopeqf = 0.43+0.05. In comparison,

Yao et all (2003) fitted a slope equivalent tes, = 1.05 + 0.08 to the SLUGS 6Qum

sample.|_Corbellet all (2012) fitted correlations betwedn;_,) and luminosities in

each of the PACS and SPIRE bands, finding roughly linear slape an evolution
in the slope from short to long wavelengths. This evolutismot apparent in the
fits to S(3_2)—Sir correlations in Figurg419, although it is qualitativelynsstent with
the difference betweens, (~ slope of the short-wavelength luminosity correlation)
andms; (~ slope of the long-wavelength luminosity correlation). @e tther hand,
the highly sub-linear slope found in the current samplegsmnsistent with that found

in either SLUGS|(Yacet alli2003) or HeVICSI|(Corbellet all2012). This indicates

that the relationship between dust mass and CO luminosiigssé@etween different
samples just as the relationship betwédesk (or SFR) and CO luminosity, as shown

in Sectiof 4.5 M.

The negative slope a¥/y,sf Lco is interesting, and indicates some underlying intrinsic
variation across the sample. There are a number of possiplerations. A variation

in metallicity will lead to a variation in the CO/MHatio, so thatLco no longer traces
My, consistently. For a constant dust/tio, this will lead to higher dust/CO at lower

Lco, which is seen in FigureZZJ11. Yas all (2003) and_Corbellet all (2012) both

probed high-metallicity galaxies, but it is possible thag turrent sample contains
a broader range — particularly as the optical colours andohadogies are diverse,

including blue low-surface brightness disks, dusty spjrahd early-type galaxies (see

AppendixD).LSchrubet all (2012) have shown that low-metallicity dwarf galaxies in

the HERACLES survey have much lower CO content than is inddhem their SFRs
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and the SK law, which supports this interpretation.

Alternatively, a higher dust/gas ratio in lower mass gaaxitould also explain this
trend. In Chaptdi3 | found that the lowest-mass galaxidsaitue cloud had the high-
est dust-to-stellar mass ratios. Analogous results fraeX@LD GASS survey have

shown that the gas fractions of low-redshift galaxies ag@éi in lower-mass galaxies,

both using CO(1-0) to trace;HSaintongeet al.l2011) and using H (Catinellaet al

2012). A direct comparison between these results is natedpnaccurate because the

GASS results do not account for non-detections correcilg€esetting their fluxes to
zero or to the upper limit), and because the gas fractiongsmigent on other variables
such as colour and possibly redshift (c.f. Chafpter 3). Handhie GASS galaxies that

were detected in both Hand Hi are mostly in the blue cloud and at< 0.05 (see

Saintongeet alll2011; Catinellaet alli2012), so a comparison to the stackeg,s;/ M,

in the low-redshift blue bin of Chaptél 3 is reasonable. ggsimese data, the slope
of log(Mgusy/ M,) versusiM, is —0.67, while the slope ofog(My,/M,) versusM, in

the detected sample lof Saintorgteall is —0.20 (rising to—0.46 if non-detections are

included and set to the upper limit). This SUfgests that tis#/H, fraction is likely to

suggest a steeper slope

be higher in low-mass galaxies. The result

in log(My,/M,) versusM, (I fit a slope of—0.79 to their weighted medians, which is

steeper than the slope Mg,/ M,), and Saintonget al. showed that the HH 1 frac-

tion increases with stellar mass. It is therefore posshaéthe dust/H fraction or the
dust/(Hi+H,) fraction is constant with stellar mass, while the fraction decreases.

In fact it is likely that both metallicity and dust/gas ratiary across the sample; for

example Drainest all (2007) showed that dust/gas ratio correlates with meiisilio

the SINGS sample. In future it will be necessary to analysepdas covering the full
spectrum of galaxy properties, and to account for the meitgldependence of th&
factor, in order to test these possibilities. Future resiutim surveys such as HERA-

CLES, GASS or NGLS may provide the answers.
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4.6 Conclusions

In this chapter | have presented the results of a search foei@Ssion in local sub-
mme-selected galaxies. Very little is known about galaxelsded in this way in the
local Universe, despite extensive literature on the prigeeof high-redshift sub-mm-
selected galaxies (i.e. SMGs). This is simply because a iSkhection at these wave-
lengths in the local Universe requires coverage of a largeaséa in order to probe a

statistically significant volume, and prior erschelthis was simply not possible.

Galaxies selected in this sample are generally dust-ritditigpe spirals, with one
or two mergers/starbursts (e.g. SDP 1, NGC 5713), some blueslirface bright-
ness galaxies (NGC 5584, NGC 5691, NGC 5496) and dusty ggry/disks (e.g.
NGC 5719, NGC 3907B). They are clearly distinct from the higshift SMG popu-
lation which are mostly ULIRGs and likely to be mergers (lEgg_e_LeLa.l, 010).

The FIR/CO luminosity ratios of this sample are in line witkvimoderate luminosity
SFGsin the local Universe, and not with (U)LIRGs and higtisteft SMGs. The slope
of the correlation appears to be sub-linear in this sample:neasured index of the

Lrr—L3—2) correlation i9).75 4 0.05, which is lower than that measured in most other

samples|(Yaeet all[2003;/lonoet all2009; Maoet alli2010), although the relatively

small number of data points and small luminosity range is saimple may account for
the difference. The slope of thgr—L,_,) correlation is inconclusive considering the
scatter and small sample size. | also find significantly sodal slopes in thé/g,s—
L3-9) and Mguse-L(2—1) correlations, in comparison to approximately linear stope

the 60um SLUGS samplel (Yaet alll2003) and the Virgo cluster spirals in HeVICS

Corbelli et all2012). The explanation for these slopes could be a greatgeraf

metallicity across this sample, in comparison with othengles. Lower metallicity at

lower luminosity and lowe/y,s leads to lower CO luminosity for the same hhass

(c.f.ISchrubaet alll2012). It is also possible that dust/gas fractions are highlewer-

mass galaxies, as suggested by a comparison of results fhapt€ B and the COLD
GASS surveyl(Saintonget all2011; Catinelleet ali2012). Additionally, there is the

possibility of a sampling bias towards higher dust fractiamh lower stellar masses in
this sub-mm-selected sample. Further analysis of largapkss will be necessary to

find the cause(s) of this trend, and future results from COLASGS or NGLS may
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provide the answer. If there is a strong variation in the tgagust ratio with stellar
mass or metallicity, then the use of the sub-mm as an indepemuobe of the K

mass (e.qg. for calibration of th& factor) is brought into question.

| measure correlations between the CO and IR fluxes in all FiéR sub-mm bands
from 100 to 50Q:m, and find that scatter in the correlations evolves with thevéRe-
length used. The CO(3-2) line is better correlated with teavavelength FIR bands,
consistent with it being a dense gas tracer and the FIR be&mnglated with the SFR.
The CO(2-1) line appears to be better correlated with thensabthan the FIR, al-
though the trend is not statistically significant and woudekeh to be confirmed with
a larger sample. It is clear however that the CO(2-1)—IRetations have a different
wavelength dependence to the CO(3—-2)—IR correlationgesiiopg that CO(2-1) and
CO(3-2) trace different components of the molecular gagidgJdata from HIPASS, |
test the correlations between the Bl cm line and the FIR/sub-mm, finding that scat-
ter in the correlation follows opposite trends with wavejégnto the CO(3-2). This
is strong evidence for dust at different temperatures ogogpdifferent phases of the
ISM, with warm dust being more associated with dense made@as clouds, and cold
dust inhabiting the diffuse neutral (HISM. The evidence suggests that dense gas (the
fuel for star formation) is less well correlated with coldstithan with warm dust. This
is consistent with cold dust being at least partially he&gdadiation from older stel-

lar populations rather than young OB stars, as shown by gmt#gmnt evidence (e.g.

A4

Boquienet alli2011;|Bendcet alli2012; Boselliet alli2012). An implication of this

is that sub-mm fluxes in general should be interpreted withescaution; the sub-mm
appears to be a poor tracer of the SFR in sub-mm-luminousigalat low redshifts,
based on the correlation with dense gas. Fluxes at the pethle &§ED (10Q:m) are
better correlated with the dense gas, however there isigfilificant scatter in this sam-
ple, and it is likely that, in sub-mm-selected galaxiesnetiee 10Q.m fluxes contain

significant emission from cold cirrus dust.

This pilot study of a small sample has revealed some iniegegtends in the corre-
lation of various gas tracers with the FIR and sub-mm, butyrgurestions remain
unanswered. Additional data for CO(2-1) and CO(1-0) inipalar would enable a

better understanding of the correlations between total G8smand the FIR/sub-mm,
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and by comparing té/, gas masses estimated from the dust mass, it would be possible
to investigate any variation of the C® factor in these dust- and gas-rich (and poten-
tially high-metallicity) galaxies. Observations of €mission with ALMA would also

be useful for such a comparison, and would improve our ghiitinterpret measure-

ments of the more readily observable CO lines.
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Chapter 5

Conclusions

5.1 Summary of the Thesis

Far-infrared and sub-mm astronomy have enjoyed great sses®ver the past three
decades and have enabled a huge improvement in our knowtdédpe history of
the Universe and the build-up of galaxies via star formatigluch has been learned
about the growth of massive galaxies through rapid stardtion and starburst activ-
ity, especially in the most luminous IR sources at both low high redshifts. In this
thesis, however, | have used the FIR and sub-mm wavebandpltwre less luminous
systems, including unbiased samples of galaxies selegté¢kelr stellar light alone,
as well as a novel sample selected in the sub-mm in the locaktse. | made use of
large surveys of the distant Universe fr@pitzerand of the low-redshift Universe with
Herschel in order to probe the larger population of galaxies and@egxtar formation

in the typical galaxies selected in the optical and NIR.

5.1.1 The Power of Stacking

In Chapter§I3 anld 2, | demonstrated that stacking is a polntedinique for studying
unbiased samples and exploring global trends and depeledengalaxy populations,
at fluxes below the noise and confusion limits of the survdyund that stacking
can be subject to a number of biases, but that these can beedrhy statistical cor-

rections that do not require any knowledge of the individulgjects in the sample.
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Thus, | was able to correct for the problem of clustered aeaded sources in the
highly-confused FIR/sub-mm maps by measuring the corogldtinctions or by mak-
ing simple assumptions to deblend fluxes. Another importantection is required
for the contribution of lensed flux to intrinsically faint s@es at moderate redshifts.
This is a particular problem in the sub-mm, where the negaticorrection and the
steep number counts conspire to make lensing relativelymoam Since some of the
faintest sub-mm sources (giant ellipticals on the red secgleare especially likely
to be lenses, it was necessary to correct their flux for thenegligible contribution
from lensed high-redshift SMGs. It was possible to make @ss$izal correction based

on the number counts and redshift distribution of lenses fbmth observations and

theoretical models (Lapt alll2011; Gonzalez-Nuevet all2012).

5.1.2 The Far-Infrared—Radio Correlation

In ChapteR, | studied the FIR—Radio Correlation, an imguartelationship that un-
derpins the use of non-thermal radio flux as an SFR tracerunddhat it remains
approximately constant in massive galaxies up to high riédqgh < 2). The sample
traces the most massive galaxies from low redshift backeaw fbrmation epoch, and

it was the first to target high-redshift galaxies selectatependently of their SFRs

Bourneet all2011). | used FIR colours to derive-corrections, and found that the

SEDs of galaxies in the sample were best approximated byescgmt spiral-galaxy

template (M51), rather than a hotter starburst or ULIRG tietep

The rest-frame FRC showed no evolution from the.gdor 160um results, consistent
with other samples studied in the literature. A slight etioluin the 70um results may
suggest that the 7@n k—corrections were under-estimated as a result of a stepp slo
inthe SED at- 25—35 um (atz ~ 1—2), compared with the M51 template. This could
be explained by a relative dearth of emission from hot duseoy small grains, which
contribute to the MIR continuum. On the other hand, a trudugian in the rest-frame
70pm/radio ratio, and even total-IR/radio, is plausible coesidg that rest-frame 24,
70 and 16Qum fluxes can arise from different components of the dust in agalThis
possibility is consistent with the observed steepeningpragdectral indices at > 1,

which suggest greater inverse-Compton losses of cosmielegxtrons (as predicted



Conclusions 185

byl|Lacki & Thompsor 2010). It is also consistent with the Hssaf iSeymouret al

) from 7Qum/radio data, and_Ivisoat all (2010 ﬂ)) who used BLASHerschel

andSpitzerdata to measure the total-IR/radio ratio.

5.1.3 Cold Dust in Low-Redshift Galaxies

In ChaptelB, | used stacking to target low-redshift, opiyeselected galaxies from
the GAMA survey, and measured the dependence of cold dupegres on colour,
absolute magnitude, stellar mass and redshift. The workridbesi here was the first
large-scale statistical survey of cold dust in opticalyested galaxies, and was only

possible with the unprecedented volume of the low-redshiiverse probed byder-

schelATLAS in the sub-mmli(Bournet all2012). | estimated that the total emission

from optically-selected galaxies at< 19.8 andz < 0.35 accounts for around five
per cent of the CIB at sub-mm wavelengths, of which roughlypé0cent originates
from blue galaxies, and 20 per cent each from the red sequerctgreen valley. |
also derived the total luminosity density of the Universe at 0, obtaining results

in approximate agreement with predictions from IRAS and B8Uata (Serjeant &

Harrison 2005), and from GAMA UV-NIR data assuming a pregwon for attenua-

tion and re-radiation by dust (Drivet all2012).

The results of stacking revealed a strong dependence ahsubtminosity on optical
or UV-optical colour, and stellar mass bf,., with red galaxies being up to an order of
magnitude less luminous than blue galaxies of equal steléss. The observed trends
of SPIRE luminosities are not strongly dependent on the SEldahassumed, and
cannot be explained by lensing, hence they imply a fundamhdifterence between the
dust emission properties of red and blue galaxies. Fittingls-component greybody
SEDs suggested that this luminosity difference is primgatile to different (cold) dust
temperatures; dust is colder in red galaxies than blue isttHar mass rangex 10° <
M, < 8 x 10! M. Dust temperature was also found to be strongly correlaigd w
stellar mass in blue galaxies, although this was not seadigalaxies. Results showed
a strong increase in sub-mm luminosity with redshift foragaés of all colours and
stellar masses. Since no evolution in temperatures waseampéhis seems to imply

an increase in the dust masses of galaxies of all stellaresaby a factor o8 — 4
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between: ~ 0 andz ~ 0.3.

Especially strong evolution in the red bin suggests an asirg contribution from
obscured star-forming systems in the red sequence at siogeeedshifts. This is
supported by an increasing 2b8/NUV luminosity ratio, which may be used to trace
the fraction of star-formation that is obscured (underaiarassumptions). Galaxies
in the green valley have intermediate luminosities and traipres between those of
blue and red galaxies, and probably comprise a mixed papalaf both obscured

SFGs and passive galaxies with young stellar populations.

5.1.4 Molecular Gas in Local Dusty Galaxies

In Chaptei ¥, | exploited the wide areal coverage of lteeschelATLAS survey to
select a sample of nearby galaxies at p@{ a selection that is sensitive to total dust
mass rather than total IR luminosity and SFR. Unlike FIR{iluwns galaxies and high-
redshift SMGs, the galaxies in this sample have been potuljied in the past due
to the lack of wide sub-mm sky coverage priorHerschel | used CO emission-line
data obtained from the JCMT, with additional data fretarsche] IRAS and Hi line
measurements in the literature, to explore the correlati@iween the cold and warm

dust, and molecular and atomic gas in these galaxies.

The sample consists of mainly star-forming spirals withhhilgist masses and atomic
gas masses. Their FIR/CO luminosity ratios are in line wotk/inoderate luminosity
SFGs in the local Universe, and not with (U)LIRGs and higtisteft SMGs. The

slope of the FIR-CO andl/4,s—CO correlations appears to be sub-linear, and is lower

than that measured in most other samg 003;loncet alli2009; Macet al

2010; Corbelliet alli2012).

| measured correlations between the CO and IR fluxes in allg#A&R sub-mm bands
from 100 to 50Q:m, and found that scatter in the correlations evolves withlke
wavelength used. The CO(3-2) line is better correlated shitbrter-wavelength FIR
bands, consistent with it being a dense gas tracer and thé&ilg correlated with
the SFR. The CO(2-1) line may be better correlated with thersmn than the FIR,

although the trend is not statistically significant and vdooked to be confirmed with



Conclusions 187

a larger sample. It is clear however that the CO(2-1)—-IRetations have a different
wavelength dependence to the CO(3-2)—-IR correlationgesimg that CO(2-1) and

CO(3-2) trace different components of the molecular gas.

Scatter in the H-IR correlation follows opposite trends with wavelengtkhie CO(3-2).
This is strong evidence for dust at different temperatucesipying different phases of
the ISM, with warm dust being more associated with dense cntde gas clouds, and

cold dust inhabiting the diffuse neutral ISM.

5.1.5 The Cold Interstellar Medium

A recurring theme throughout the thesis has been the impoetaf the cold ISM, and
especially cold dust, in ordinary galaxies at all redshi¥tghile the SEDs of the most
IR-luminous galaxies at low redshifts are dominated by weust in star-forming re-
gions, we know that much of the IR luminosity in the vast migyoof galaxies results

from cold dust in the diffuse ISM_(.D_Lan&_EaJI 2s 2001; Sauyansfs & Popesdu
005

;.Draineet alli2007). The importance of cold dust is implied by the appdyent
cold SEDs of the NIR-selected galaxies in Chafter 2, whichFHR colours indicative

of a quiescent spiral template, despite the fact that thesssive galaxies have typi-
cally high SFRs at 2 1. Even more telling are the high dust masses derived from
stacking GAMA galaxies at < 0.35 in ChapteB. The inferred dust/stellar mass
ratios showed a strong anti-correlation with stellar masssarong evolution with red-
shift, and may imply the need for dust to be formed in supesiaw to grow in the
ISM. The surprisingly weak correlation with optical colaantrasts with observations

of low dust masses in morphologically-selected elliptgalaxies on the red sequence

(e.gLSmithet all2012b), which may suggest an environmental dependenceddie

denser environments probed|by Snetrall).

Finally, the CO/sub-mm fluxes of local sub-mm-selected)jatin Chaptell4 revealed
a decrease in the ratio of CO to dust mass with increasing @hhsity. This could be
due to a variation in metallicity leading to a varying CQ/tdtio (this sample is likely
to trace a broad range of metallicities). On the other hamel,dust/gas or dustH
fraction could be higher in lower-mass galaxies, just asding/stellar mass fraction

was found to be.
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Understanding trends such as these is crucial for diselmgntihe various factors
which may determine how galaxies evolve. The ISM content gélaxy contains in-
formation on the past star-formation history, in the mesald dust produced by stars,
and on the potential for future star formation, through tas geservoirs, and the dense
molecular gas in particular. Far-infrared fluxes in SFGscareelated with the recent
SFR (averaged over the past10® years), as a result of young stars heating the dust
that emits at these wavelengths, but the cold dust whichsamihe sub-mm may be
heated by older stellar populations. Analysis of the catrehs between sub-mm and

CO fluxes in Chaptdr4 supports this interpretation, whiciméependently inferred

from many other observationss (Boquiehall2011; Totaniet alli2011; Bendcet al

2012 Boselliet alli2012).

5.2 Future Work

Sub-millimetre astronomy has now entered a golden age alhdindoubtedly play
a central role in advancing our understanding of the Un&/erser the coming years.
During this time we will benefit from the huge amounts of datquared byHerschel
over its three-year mission, as well as data obtained frotdEG2 in its Legacy
Surveys, and the ALMA interferometric array. In this theklsave used data from
the first release of the H-ATLAS survey, as well as multi-wangth data from many
other sources, to explore the FIR and sub-mm Universe thratafistical analyses.
The results have shed new light on the IR emission propewied the dust and gas
content of populations of galaxies selected in various waysmany open questions

still remain for the future.

The IR SEDs of galaxies selected in different ways can vaegily, depending on the
amount of dust in different phases of the ISM, the tempeeatdirthat dust, and the
source of heating — whether by old or young stars. Understgritie star-formation
history of the Universe, and the evolutionary paths of ddfe types of galaxies, de-
pends on accurately measuring the obscured SFRs in gatzbadistypes, at all red-
shifts. The amount of cold dust in passive or quiescent ggdas uncertain, but is

probably highly variable. Results from stacking the GAMAgde suggest that red-
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sequence galaxies have considerable dust masses, cofefaralue SFGs. The na-
ture of passive galaxies could be better understood bytsajean visual morphology
as well as colour, thus breaking the degeneracy betweerotestrration and stellar-
population age. The SEDs could also be better constrainddasiditional data at
shorter wavelengths (e.g. from PACS, AKARI and WISE) to cavee peak of the
SED and emission from dust at warmer temperatures. Likewosger-wavelength
(sub)mm bands (e.g. from SCUBA-2 aRtanck provide a better handle on the dust
emissivity parametes, which is otherwise degenerate with the cold-dust tempegat

Full SED modelling with self-consistent Bayesian techeis|(e.q. da Cunha, Charlot

& Elbaz|2008; Smithet all20124) is the best way to accurately constrain the SED

parameters in large samples with extensive multi-waveleogverage.

A full understanding of the processes within galaxies cdy be obtained with obser-
vations of all the components which make up a galaxy, incgdhe stars, gas, dust
and dark matter. Warm, dense, molecular gas feeds startioormand this is supplied
from the larger cold-gas reservoir; but star formation geedergy back into the gas
and dust, and none of these processes is very well undersibedschmidt—Kennicutt
law describes the relationship between gas and SFR debsityhe universality and
the slope of this relationship are in question, and deperti®@observational tracer of
the gas. In this thesis | tested correlations between theedgas traced by CO emis-
sion lines and various FIR and sub-mm wavebands, but the &@rtrs far from being
a perfect indicator of gas mass, since correlations bas@@oappear to vary from one
sample to another. The small sample studied in Chépter 4leysome interesting
trends in the various correlations between gas tracerstenBIR/sub-mm, but much
remains to be investigated with larger samples and morétserdata. Additional data
for CO(2-1) and CO(1-0) in particular would enable a bettetfaustanding of the cor-
relations between total CO mass and the FIR/sub-mm. Als@obyparing these to
H,; gas masses estimated from the dust mass, it would be possiinlestigate any
variation of the CO/H conversion factor in these dust- and gas-rich (and potgntia
high-metallicity) galaxies. Observations ofij@&mission with ALMA would also be
useful for such a comparison, and would improve our abiityterpret measurements

of the more readily-observable CO lines.
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This is an exciting time to be involved in extragalactic astmy. An enormous
amount of data has been gathered from observations spatireniyll electromag-
netic spectrum especially in the last decade, and upconraiilities such as ALMA,
SKA andJWSTpromise to enhance the pool of data even further. We will dtave
observations of entire galaxy populations spanning theoegalaxy evolution, from
the epoch of reionisation through to the present day. Itlvglthe task of the next few
decades to mine these data and interpret them in the corit@rtwlations and models,
and to use them to explain how the diverse and complex Uravafrtoday came into

being.
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Appendix A

Algorithm for Stacking and
Deblending Faint Sources in Highly
Confused Maps

Below | describe a method that | developed for deblendindus®d sources with low
signal-to-noise in SPIRE maps. | used this algorithm to memfluxes of sources
below the noise level for the stacking in Chadier 3. In SedBdd | show that this

gives comparable results to the statistical clusteringecbion used in Chaptér 2.

A.1 Deblending Individual Sources

When stacking sources in confused maps, one must be cawftb mlouble-count
the flux of blended sources, which would lead to over-esionadf stacked fluxes.
The problem is worst in bins whose galaxies are more clustered in the longer
wavelength images which have lower resolution. Since manyces are close to or
below the noise level in the images it is impossible to moteht from the images
themselves, and since sub-mm flux is poorly correlated wptital flux, we have no
other prior information to base models on. We must therefoa&e some simplifying

assumptions in order to avoid over-counting flux in stacks.

Consider that two or more sources may be blended, but we dknioat the true flux
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of either or their brightness ratio. How can we decide howmafdhe blended flux to
attribute to each source? | first make the assumption thebaittces are unresolved and
therefore have a shape given by the PSF. | treat the imagklpixgixel and assume
that the fractional contribution to a pixel from each of thearby blended sources is
dependent only on the distance of that pixel from the sourcgiestion. The concept
is visualised in one dimension in Figure’A.1. Panel (a) shisvessourcesd and B at
positionsr 4 andz g, whose fluxes are distributed across the imaggés) andfz(z)
(Jy pixel!). The sources are blended in the image and the measuredsdhtrline)

is given by

fot(z) = fa(x) + fr(2). (A.1)

In Figure[A1(b) the sources are modeled by PSFs of equahhgig, pz; thin black

lines). | convolve the image data with the PSEAfo give the function
Fpa(2") = pa* for (A.2)

To compute the convolution the PSF is shifted so that the peakthe origin. The
convolution is a function of the offset, and the source flux is strictly given by the
value atr’ = x4,

foa = Fpalza)/Sph (A.3)

(and similarly forB). The division by the sum of the PSF squared normalises tke flu
However, bothf,, 4 andf, 5 now contain too much flux because both include all of the
flux that is blended. This blended flux would therefore be tedtwice if the sources

were stacked. Instead of doing this, the RGFcan be weighted by the function

9a(x) = pa(x)/[pa(x) + pp(r)] (A.4)

which is simply the fractional contribution from the P at positionz to the total

pa + pg. Thus one can replage, andpg with “deblended” PSFs

qa(z) = ga(x) pa(z) (A.5)

[and similarlyqz ()] which are given by the thick grey lines in FigureA.1(b). Con
volving the image data with each of these deblended PSFs gimore conservative

estimate of the total flux,
Fya(') = qa * foor (A.6)
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Again the flux is given by the value of the convolutioniat= z 4:

fon = Fya(za)/ 5P} (A7)

The total (deblended) flux, » + f, 5 is the same as the total input flux under the
functions in Figur&All(a), whereas the totalfpfy + f, 5 iS greater because blended
flux has been double-counted. This deblending method alwagserves total flux,
whatever the ratio of the fluxes. On the other hand, the iddai fluxes measured
using equation[{Al7) are not exactly correct because btbffide is shared evenly
between the two sources, whereas ideally it should be blis&d according to the flux
ratio of the sources. Hence in this example the recoveredflukis too low and that
of B too high (this effect is worsened by closer proximity of tlueises). However
with no prior information on the true flux ratio this is the bestimate that can be

made.

To generalise this method to a two-dimensional image withtipiy-blended sources
| start with an image array of the same dimensions as the whaigg, filled with values
of zero. To this | add a PRF for every source in the input cgiao centred on the
pixel where the source is located and interpolated from ®ie With a small offset to
correctly account for sub-pixel-scale positioning. In tkgion of an isolated source
this image will be identical to the individual PRF, but whes@urces are blended it
is equal to the sum of the PRFs [analogous to the sum of theébthak lines in Fig-
ure[AA(b)]. Thus all multiple blends are automatically@aated for, and the image |
have constructed is analogous to the denominator in equ@d), i.e.ps + pg + ....
For each sourcg | derive the weighting functiop;(z, y) as the ratio of the PRF to a
cutout region of the all-PRFs image, as in equationl(A.4)other words, the weight
given to the flux in a pixelx, y) is the value of the PRF of the target(at v) divided
by the sum total of the contributions of all PRFs in that pixeieasure the flux of
each source by convolving tltataimage (Jy pixet!) with the weighted PRF, as in
equation[(AB). | tested the method in simulated maps widiggc source densities
and using the PRFs of the three SPIRE bands. | found that tihectenean and me-
dian fluxes were always recovered when stacking, and thabbong with the PRF

without any deblending always led to an overestimate of tediam and mean fluxes.

The deblending technique is carried out before any binrsogll catalogue sources
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Figure A.1: (a) Two simulated point sourced and B in a one-dimensional image, modeled
with the same PSF but different normalisations, represdmyehe dashed and dash-dotted curves
respectively. The total flux in the image as a function of posiz is given by equation{Al1)
and is represented by the solid ling) The thin black lines are the PSks; andpg, centred at

x = 200 andz = 300 respectively. Both PSFs have width= 50. The thick grey lines are the
PSFs weighted for deblending, andgg, given by equatior{Al5)(c) The reconstructed sources
given by the image data (solid line in panel a) weighted byRBEs in the middle panel. The thin
black lines are obtained using the unweighted PSksequation[[AR), and the thick grey lines
using the weighted PSksin equation[[A5).

in the field are automatically deblended, not just those énstlime bin as the target in

guestion. Note that the method is essentially very simdahe “global deblending”

technique described hy Kurczynski & Gawiser (2010), whicdswdemonstrated by

those authors to minimise bias and variance in stacks.

A.2 Comparison to a Statistical Approach

The problem of stacking into confused maps is not a new orgep#rer methods for
removing the excess flux due to blending have been used inténatlire. The ad-

vantages of the method described above are that it autatiatiakes into account
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Figure A.2: The two-point angular correlation function of the GAMA datgue used in this work,
averaged over the G09, G12 and G15 fields. Error bars areghdasid errors between the values
obtained in the three fields. A power-law fit by linear regr@s$with free slope and normalisation)
givesw(#) = (0.012 + 0.001)g(~0-76+0-03)

blending between objects in different bins, and also alltavghe possibility of dif-
ferent bins having different amounts of blending (e.g. duthé stronger clustering of
more massive and red galaxies;ZeImmI] 011). To check that the results of this
method are reasonable, | compare them to the statisticstieting correction used in
SectiorlZ3M4.

Using the_La.n.d;L&_Sza.Lii (1983) estimator [equationl(2.3)Yjeasured the correlation
function of the GAMA catalogue by counting pairs in 40 radvais logarithmically

spaced between 4 and 180 arcsec. The results, averagedheveirree fields, are
shown in FiguréZAP together with a power-law fit by linearnegsion, described by

w(f) = (0.01240.001)9(~0-76+0-03) This fit is in good agreement with previous results

from SDSSr-limited data(Connollyet alli2002).

Using the fit tow(¢) and the beam sizes at 250, 350 and p0(18, 25, and 35 arc-
sec FWHM), | obtained the fractional contribution to statkleixes due to blended,
clustered sources, according to equatfonl (2.4). Reswdtsianmarised in Table“A.1.
This average statistical correction factor is broadly Emio the typical correction
to individual fluxes using the deblending technique [equra{A4)]. The deblending
technique has the advantage of correcting the flux of eagkttardividually, so how-

ever the sample is binned the appropriate average comestimade. This is not the

case using the correlation function of the entire catalpgunee that only gives a sin-
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Table A.1: Flux correction factor€” = 1/(1 + F') based on the method in Chapliér 2, compared
with the typical/average ratios of deblended to non-dedéeiflux using equations{A.7) aldd(A.3).

Statistical Mean (median)
correction )  deblending correction
250pm  0.9702 + 0.0001 0.937 (1.000)
350pm  0.9550 + 0.0002 0.932 (0.987)
500um  0.9326 + 0.0003 0.989 (0.902)

gle correction factor. It would be possible to calculateasate correction factors for
each bin, using the cross-correlation between the bin amtuthsample (as in Chap-
ter[@), but the uncertainties would be significantly incezhsince each bin contains a

relatively small number of objects.



Appendix B

Simulations of Bias in the Median

In ChapteEB | stack sources with extremely low signal-tesapwhich can lead to bias
in the estimate of the median intrinsic flux. In order to irtigeste the possible effect on
the results, | simulated power-law distributions of fluxeghwGaussian noise added,
and found that in certain cases the median measured fluxfitmelus noise) was
biased high with respect to the median true flux, as a resulbse in the measured
values. The amount of bias depends on (i) the flux limits ofdis&ibution; (ii) thelo
noise level in relation to the flux limits; and (iii) the slopéthe power law describing
the underlying flux distribution. The bias only becomes appawhen considering

distributions with a median signal-to-noise less than

In order to ascertain the level of bias that could be presenhe stacks one must
consider the shape of the underlying (true) flux distributbsources in the stacks. In
order to do so one mustlook at the distribution of fluxes imtheeh brighter H-ATLAS

detected sample, which are not dominated by noise. Thdisitua helped consider-
ably by the fact that the sample is binned accordingfoand redshift, meaning that
each bin is likely to have a limited range of fluxes with a dimttion determined by

the LF. To estimate the flux limits in a given bin one can lookhatsub-mm fluxes of

the galaxies with the highest optical fluxes. D11 show th&ibigion of » magnitude
and Ss5 in the SDP ID catalogue. At < 16 the catalogue contains the full range
of sub-mm fluxes, which at a givenspans 1.3 dex itby5,. | inspected the Phase 1

reliable IDs with good spectroscopic redshifts (260 sources matched to SDSS data

using the same method ; 011; these will be described in a forthcoming
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paper from H-ATLAS. | found the same range of 1.3dex i 16 sources in Phase

1 asin SDP.

| therefore assume that any bin &f. and redshift will have fluxes within a limited
range. The actual limits of this rang&,.x and Sn,n, will depend on the range af/,
andz sampled by the bin (although the majority of fluxes atMd}l andz < 0.35 will
lie within the range 0.1-100 mJy). However, since the ramge Ibin is determined by
the LF, | can safely assume that the logarithmic rafge- log;,(Smax/Smin) = 1.3
will be consistentin all bins. Similar ranges of 1.3 dex arpexted at all three SPIRE
wavelengths (although of course fluxes at different wavgilen will be offset with
respect to each other due to the shape of the SED). Withie tivegs the fluxes are
assumed to follow a power-law distribution: in the Phase 4 tids is approximately
described by differential number countd’/dS « S—25, although this is unreliable

due to the incompleteness of the ID catalogue. A similareslspapparent in the

250pm number counts fron® (D) analysis of the HerMES maps (Gleahalli2010),
although there is some evidence in that data for a shallolepe st Sy < 10 mJy.
We must however remember that the number counts in the bihsatifollow the
overall sub-mm number counts, since the bins contain onlgreow distribution of
M, and particularly of redshift. In sufficiently narrow redghiins the distribution
of the counts will approach the sub-mm LF: this has a slope-bf)1 at the faint

end (L < L*) of the H-ATLAS LFs derived by D11. We can therefore be confide

that in finite redshift bins the slope will be intermediatévibeen—1 and—2.5. Lapi

et al.(2011) have modelled the number counts to fit the data fronTHAS, HerMES

and BLAST. | split these into redshift bingA{ = 0.05) and found that the faint-end
differential counts at < 0.35 follow a slope of approximately-2. The redshift bins
have similar widths{.05 < §z < 0.11) hence it is reasonable to assume that the flux

distributions in the bins will have a similar slope.

For these reasons | conclude that a simulated flux distabutiat spans a range =
1.3dex with a power lawdN/dS o S~2 is representative of the bins. | therefore
created 16 simulated distributions with these parametetis,a range of lower limits
between0.1 — 30 mJy: the corresponding upper limits are 20 times largeemgivy

R = 1.3. The resulting distributions have medians in the rahge- 70 mJy, which is
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sufficient to cover all the bins in the real data. | added ramaoise to these true flux
distributions, where the noise values were drawn from a &andistribution with
zero mean, and given by the average total noise level (instrumental plugusion)
in the Phase 1 mapsg: = 6.7,7.9,8.8mJy beam! at 250, 350, 50Qm respectively.
| then compared median measured flux (true flux plus noisd)dartedian true flux,

and quantified the bias factor as the ratio of measured taredan flux.

| corrected the measured median fluxes in the stacked datadvpolating the relation-
ship between true median flux and measured median flux frorsithelations. This
was done separately for each of the three bands (since thdbieaves differently as
a result of the different noise levels). All correction fait are in the range.6 — 1.0,
which is generally small in comparison to the range of stddkexes resulting from

true differences between the hins.

For these corrections | have assumed that the slope ofetiffi@i number counts is2

and that fluxes in each bin lie in a range given/by= 1.3 dex. However, the bias factor
depends on both of these variables, as | show in Figude B.1eskdhe sensitivity of
the results to these parameters, | tried correcting thdtsdsyithe bias factors obtained
using different values. | tried slopes @N/dS ranging from—0.5 to —4 and R-values
between 1 and 2. The level of bias varies, indicating thatetie some uncertainty
in the correction, but note that the corrections for slopetsvben—1.5 and —2 give
almost identical corrections (fdk = 1.3). We can be sure that the slope is between
—1 and—2.5, and over this range the bias corrections do not vary by nie 15%.
Increasing the rangR has a greater impact on the correction; however the value of

is well motivated and in narrow bins @f/, and redshift there is good reason to expect

the flux range to be limited.

Crucially, all of the conclusions remain valid, and all enremain significant, for
any combination of slope<0.5 to —4) and range (1 to 2). This is equally true if no

corrections are made.

An alternative to these corrections would be to use the mestead of the median
when stacking. The mean is not altered by the effects of ramdefound the median
to be; however the mean will be highly biased simply by thensd shape of the

distribution. In fact the bias in the meanat flux levels is equal to the maximum



202 Simulations of Bias in the Median

bias seen in the median at the lowest flux levels. The reasothi®is simple: at
the lowest flux levels, where noise dominates over the true fhe distribution of
measured fluxes closely resembles the noise distributiosyrrenetrical Gaussian —
but instead of being centred on zero as the noise is, it hasaime mean as the true
flux distribution. The mean is not altered by the addition oise if the mean noise is
zero. The measured flux distribution is therefore symmadtiit this case, hence the
median is equal to the mean. Thus the maximum amount of bi&a®imedian occurs
when the shape of the distribution becomes dominated bydise mather than by the

true fluxes.

In conclusion, | choose to use the corrected median estimatioer than the mean,
because at all but the lowest fluxes the median is a betteripesaf the underlying
(true) flux distribution. At the lowest fluxes the median bees biased and approaches
the mean of the distribution. However as a result of the Ibigisicheme one can make
a good estimate of the shape of the underlying flux distrilsuéind can be reasonably
certain of the correction factors for the bias. The fact #flaif the ultimate conclusions
remain valid for any reasonable choice of the distributimticates the robustness of

the results to these corrections.
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Figure B.1: Results of a set of stacking simulatior{st) Comparing median measured flux and
median true flux, for distributions in various flux ranges.eTdange in each simulation is given
by R = log,((Smax/Smin) = 1.3 (the length of the grey horizontal bar), and the simulatiaese
run 16 times with differenfmin, Smax Values to produce distributions with a range of median {true
fluxes. Each coloured line in the Figure connects 16 datatipodme point from each simulation,
showing how the median measured flux (after adding nois&~as the median true flux is varied.
Noise is drawn from a Gaussian distribution centred on zeith, o = 6.7, 7.9, 8.8 mJy bearnm!

at 250, 350, 500m respectively. Different coloured lines correspond to sétsimulations with
different slopes ofIN/dS between—1 and —4. (b) Bias factor (ratio of median measured to
median true flux) as a function of median true flux, for the saeteof simulations, showing how
the bias depends on the slopeddi/dS for R = 1.3. Note that bias does not vary monotonically
with slope for fixedR, but is greatest for a slope ef1.5 in this case(c) Bias factor as a function
of median true flux, showing the effect of increasing the eanfjtrue fluxes. Different lines
correspond to sets of simulations with different valuedidietween 1 and 2; in each of these the
slope ofdN/dS is —2.
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Appendix C

Results of Stacking the GAMA Sample

In FigureLCIL £CJ4 | choose some example bins from ChhptesBdw the stacked
postage-stamp images, the distribution of measured fluxed,the SED data and

model. The figures below contain the following information:

Postage stamps of the stack in the three SPIRE bands are stittwonontours at
signal-to-noise levels of 5, 10, 15, 20, 25, 50, 100, 150, 2®50. The images are
each 41 pixels square, corresponding’@b” at 250um and 650" in the other two
bands. These images are illustrative only, and were madeaa¥isg in the PSF-
filtered, background-subtracted SPIRE maps (I do not medtuwxes in these maps
but using the deblend filter method described in Appehdix7e flux and signal-to-
noise reached in the central pixel of each postage stamp agtie the stacked values
in Table[C, although the postage stamps show slightlyteddkixes due to blending
not being accounted for. Similar agreement was found intatlks, although only a

selection are shown here for brevity.

| also show histograms of the measured fluxes in the stack &retlof a set of fluxes
measured at random positions in the background (blue), sxxided in Sectiof-314.
The number shown is the KS probability that these two sampés drawn from the
same distribution. Beneath these is plotted the singlepoorant SED fitted to the
three stacked fluxes (plotted in the rest frame), assumirg2. The SED is fitted to
obtain the temperature which is printed over the SED, asritestin Sectioh 315.

Statistics and results for all of the stacks from Chalptere3rasluded in TablECl1.
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Figure C.1: A stack of galaxies with blue Figure C.2: A stack of galaxies with green
g — r colours, medianV/, = —21.1, median g — r colours, medianV/, = —21.1, median
z = 0.11. This stack is one of the bright- z = 0.15. This stack has moderate sub-mm

est in sub-mm flux, and contains 1567 ob- flux, and contains 570 objects. Plots are as in
jects. Stacked, PSF-filtered postage stamps Figure[C.1 except that the postage stamps are
are shown with a logarithmic greyscale be- plotted on a logarithmic greyscale between
tween0.0001 — 0.05Jy beant! and signal- 0.0001 — 0.02 Jy beant?.

to-noise contours at 5, 10, 15, 20, 25, 50,

100, 150, 200, 250. Histograms of the mea-

sured fluxes in the stack (red) and in a ran-

dom background stack (blue) are shown with

the KS probability that they were drawn from

the same distribution. Also plotted is the rest-

frame SED fit with the temperature indicated,

assuming3 = 2. More details are given in

the text above.
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greyscale between0001—0.005Jy beant!.
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Figure C.4: A stack of galaxies with red

g — r colours, medianM,, = —22.5, me-
dian z = 0.27. This stack has among the
faintest sub-mm fluxes, and contains 1002 ob-
jects. Plots are as in FigUre€.1 except that the
postage stamps are plotted on a logarithmic
greyscale betweeh0001—0.004 Jy beant!.



Table C.1: Results of stacking in bins af — r colour, redshift, and absolute magnitudé,(). Columns are as follows: colour bifi = B (blue), G (green), R (red);
median redshiftz) in bin (approximate: bin boundaries are 0.01, 0.12, 0.17, 0.22, 0.28, 0.35); anddi.; countN in the bin. The following columns for each of the
three SPIRE bands: background-subtracted flux mJy; signal-to-noise rati§/on; measurement errefy (mJy) computed from the mean variance of positions in the
stack, divided by/N, and including the error on background subtraction; stesiserror on the median fluxsg, mJy) foIIowingm M); KS probability that
the distribution of fluxes in each bin is the same as that at afsandom positions.

250pm 350um 500um

(z) M, N S SNR oy os KS S SNR oy os KS S SNR oy os KS
0.11 -21.1 1567 48.69 286.4 0.17 1.15 23.15 178.1 0.13 0®S8 711 59.3 0.12 041 O
0.10 -20.1 1568 15.72 104.8 0.15 0.46 770 70.0 0.11 030 O .01 330.1 0.10 0.28 O
0.10 -19.6 1567 8.69 62.1 0.14 0.31 502 456 0.11 031 O 0 22.0 0.10 0.29 3E-39
0.09 -19.2 1568 5.60 43.1 0.13 0.34 333 333 010 031 O 3 11%6.3 0.10 0.30 5E-21
0.08 -18.6 1567 4.24 353 0.12 0.24 260 26.0 0.10 0.36 DEM42 142 0.10 0.30 1E-17
0.04 -17.5 1567 2.82 235 0.12 0.25 216 21.6 0.10 0.28 6E#240 14.0 0.10 0.27 7E-14

0.15 -21.7 1300 39.05 216.9 0.18 0.73 17.58 125.6 0.14 0089 5.12 427 0.12 0.27 O
0.15 -21.0 1300 19.14 1125 0.17 0.32 834 642 013 028 0 .80 2254 0.11 0.27 O
0.15 -20.6 1300 1142 714 0.16 0.31 5.26 438 012 037 0 87 117.0 0.11 0.26 1E-25
0.15 -20.3 1300 7.88 525 0.15 0.32 3.73 339 011 0.27 O 21138 0.11 0.28 1E-14
0.15 -20.1 1300 5.71 40.8 0.14 0.35 3.08 28.0 0.11 041 BE#429 11.7 0.11 0.29 7E-14
0.14 -19.7 1299 3.67 28.2 0.13 0.25 2.18 198 0.11 0.34 BER09 99 0.11 0.38 2E-06

0.21 -22.0 1295 30.11 167.3 0.18 0.61 13.80 986 0.14 044 0386 322 012 028 O
0.21 -21.5 1295 18.94 1114 0.17 0.49 827 636 013 026 0 .54 2230 0.11 031 O
0.21 -21.2 1295 1259 78.7 0.16 0.35 555 46.3 0.12 038 0 92 1175 0.11 0.33 4E-22
0.21 -209 1295 9.75 65.0 0.15 0.27 463 386 0.12 030 O 5 11%.8 0.11 0.27 6E-23
0.20 -20.7 1295 7.29 48,6 0.15 0.30 3.77 343 011 033 O 1148 0.11 035 7E-14
0.19 -204 1294 564 403 0.14 0.27 254 231 011 0.33 $E340 127 0.11 0.31 5E-12
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Table[C1 continued

250pum 350um 500pm

cC =z M, N S SNR oy Os KS S SNR oy Os KS S SNR oy Os KS

B 0.27 -22.3 1323 2465 1450 0.17 064 O 11.63 895 0.13 039 0361 328 0.11 038 O

B 0.27 -21.9 1324 17.31 108.3 0.16 050 O 7.72 643 012 052 0 .66 2242 0.11 0.30 4E-44
B 0.27 -21.6 1324 13.19 824 0.16 030 O 597 498 0.12 042 0 13 2194 0.11 0.30 7E-33
B 0.27 -21.4 1324 1059 706 0.15 034 O 503 419 0.12 037 0 78 116.2 0.11 0.31 1E-17
B 026 -21.2 1324 888 59.2 0.15 033 O 465 423 0.11 038 O 52186 0.11 0.30 2E-27
B 026 -21.0 1323 690 493 014 024 O 394 358 011 029 O 31®.8 011 0.26 1E-20
B 030 -21.4 1377 899 599 0.15 040 O 437 397 0.11 043 O 4 11%.4 0.10 0.30 7E-17
B 032 -22.6 1377 17.22 1076 0.16 067 O 9.22 76.8 0.12 048 0 .99 2272 0.11 0.26 O

B 032 -22.2 1377 1530 956 0.16 0.67 O 730 608 0.12 040 O 26 2205 0.11 0.36 2E-34
B 032 -21.9 1377 1164 776 0.15 043 O 580 483 0.12 029 0 052186 0.11 0.29 2E-29
B 032 -21.8 1377 1165 77.7 0.15 039 O 545 495 0.11 032 0 82 118.2 0.10 0.30 3E-23
B 031 -21.6 1377 1141 76.1 0.15 041 O 566 515 0.11 028 0 00 218.2 0.11 0.30 2E-30
G 011 -21.8 452 43.13 139.1 031 257 O 19.79 825 024 120 0 .64 631.6 0.21 0.65 O

G 010 -21.0 452 36.34 1211 030 218 O 1582 659 024 116 0 .22 421.1 0.20 0.87 1E-37
G 010 -204 452 2380 821 029 130 O 12.13 55.1 0.22 088 0 58 4229 0.20 0.68 8E-29
G 010 -19.9 452 1258 46.6 0.27 087 O 595 29.8 0.20 058 O 4 210.3 0.18 0.42 1E-10
G 010 -19.3 452 6.78 271 025 074 O 3.28 17.3 0.19 0.44 7E12383 10.2 0.19 0.48 6E-08
G 0.06 -184 452 444 193 0.23 043 3E-37 237 13.2 018 0.65124 129 7.2 0.18 0.47 1E-04
G 015 -221 569 19.23 769 025 171 O 891 469 019 072 O 2 218.3 0.16 0.40 3E-24
G 015 -215 570 1547 619 025 1.04 O 785 413 019 067 O 6 213.8 0.16 0.40 7E-18
G 015 -21.1 570 11.74 489 0.24 0.76 O 589 32.7 0.18 056 O 7 213.4 0.17 0.44 1E-14
G 016 -20.7 570 11.31 49.2 0.23 082 O 487 28.6 0.17 0.69 14E1433 8.3 0.16 0.40 3E-09
G 015 -204 570 9.12 39.7 0.23 063 O 441 259 0.17 047 2E1349 11.1 0.16 0.51 1E-07
G 014 -199 569 540 257 0.21 043 O 288 18,0 0.16 054 3E1266 9.8 0.16 042 1E-07
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Table[C1 continued

250pum 350um 500pm
z M, N S  SNR oy Os KS S SNR oy Os KS S SNR oy Os KS

0.21 -22.3 619 8.30 39.5 0.21 0.77 5.12 320 0.16 0.74 3EzZ80 13.3 0.15 0.34 2E-17
0.21 -21.8 620 8.17 389 0.21 0.55 411 25.7 0.16 0.68 2E1360 11.3 0.15 0.32 3E-10
0.21 -215 620 7.09 33.8 0.21 0.58 434 271 0.16 0.66 3E1386 12.3 0.16 0.50 8E-12
0.21 -21.2 619 6.56 31.2 0.21 0.62 3.80 23.8 0.16 0.64 2E1294 7.6 0.15 0.52 2E-05
0.21 -209 620 5.90 28.1 0.21 0.46 341 21.3 0.16 051 6E1265 10.3 0.16 0.38 8E-11
0.20 -20.6 619 5.36 26.8 0.20 0.50 280 175 0.16 058 8E1280 94 0.16 0.35 4E-07

0.27 -22.6 662 531 279 0.19 0.73 3.18 21.2 0.15 057 2E1236 11.1 0.14 0.31 8E-09
0.27 -22.1 663 6.19 31.0 0.20 0.50 413 25.8 0.16 0.49 5Ei347 11.8 0.15 0.54 1E-10
0.27 -21.8 662 6.14 30.7 0.20 0.63 3.65 243 0.15 052 6E1263 10.9 0.15 0.44 A4E-09
0.27 -21.6 663 6.31 31.6 0.20 0.49 3.69 231 0.16 056 2E1383 109 0.15 0.34 8E-09
0.27 -21.4 662 542 27.1 0.20 0.49 278 185 0.15 052 4EN1¥5 7.7 015 0.34 3E-04

032 -22.8 653 439 231 0.19 0.84 3.03 20.2 0.15 0.47 7E1287 11.2 0.14 0.34 9E-10
032 -22.4 653 4.78 25.2 0.19 0.67 3.38 225 0.15 050 9E#251 8.7 0.15 0.40 8E-08
032 -22.1 653 5.84 29.2 0.20 0.68 396 248 0.16 050 1Ei329 9.9 0.15 0.33 1E-09
032 -21.9 653 4.68 246 0.19 0.57 281 18.7 0.15 0.45 O5E1223 6.9 0.15 0.33 4E-04
0.31 -21.8 653 5.97 299 0.20 0.59 395 247 0.16 0.60 8E1237 9.1 0.15 0.30 6E-07
0.30 -21.6 653 5.04 26.5 0.19 0.32 273 18.2 0.15 050 4E1285 9.0 0.15 0.30 6E-07

TDIOVXVITIOOOOOO 0OOOOO OOOOOOAAQ

0.10 -21.7 991 5.52 345 0.16 0.47 3.72 31.0 0.12 0.47 2E#486 155 0.12 0.34 3E-24
0.10 -21.0 992 5.66 354 0.16 0.59 3.75 28.8 0.13 055 5E#488 16.5 0.12 0.40 2E-17
0.10 -20.4 991 4.71 294 0.16 0.72 3.70 28,5 0.13 0.46 3EZ00 16.7 0.12 0.36 9E-17
0.10 -19.8 992 4.21 28.1 0.15 0.56 265 221 0.12 042 2E12B9 9.9 0.12 0.31 4E-07

0
0
0
0
0
0
0
0
0
0
0
0.26 -21.2 662 4.85 255 0.19 054 O 237 158 0.15 0.38 2E1184 7.6 0.15 048 2E-05
0
0
0
0
0
0
0
0
0
0
0.08 -189 991 297 212 0.14 032 6E-45 184 153 0.12 O0.FEf1lal 1.09 9.1 0.12 0.35 2E-05
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Table[C1 continued

250pm 350um 500um

c =z M, N S SNR oy Os KS S SNR oy Os KS S SNR oy Os KS

R 0.15 -22.0 1177 352 27.1 0.13 044 O 200 20.0 0.10 0.32 ZBE®96 9.6 0.10 0.33 2E-11
R 0.15 -21.3 1177 250 19.2 0.13 0.35 2E-42 2.15 195 0.11 O02Er23 1.06 9.6 0.11 0.29 4E-12
R 0.15 -20.9 1177 251 193 0.13 036 3E-38 1.84 16.7 0.11 0315 1.01 9.2 0.11 0.28 6E-08
R 0.15 -20.5 1177 296 228 0.13 044 O 229 20.8 0.11 0.46 19EE94 85 0.11 0.32 9E-06
R 0.14 -20.1 1177 2.68 20.6 0.13 0.28 5E-44 183 16.6 0.11 02B16 101 9.2 0.11 0.33 4E-06
R 021 -223 1110 2.11 16.2 0.13 0.29 3E-28 141 141 0.10 0O3®13 0.87 7.9 0.11 0.27 7E-10
R 021 -21.7 1111 225 17.3 0.13 030 9E-32 194 176 0.11 O05®17 1.14 104 0.11 0.30 1E-07
R 0.21 -21.3 1110 2.03 156 0.13 0.28 8E-27 147 134 0.11 03B11 1.13 10.3 0.11 0.29 7E-06
R 020 -21.0 1111 243 187 0.13 0.29 9E-35 189 17.2 0.11 01816 1.11 10.1 0.11 0.38 2E-06
R 0.19 -20.7 1110 2.63 188 0.14 0.38 5E-42 2.05 186 0.11 04819 1.08 9.8 0.11 0.29 4E-06
R 0.27 -225 1002 159 122 0.13 040 3E-15 1.19 108 0.11 01307 0.69 6.3 0.11 0.28 5E-05
R 0.27 -22.0 1002 223 159 0.14 0.33 6E-28 2.07 17.3 0.12 Oo#4215 1.04 8.7 0.12 0.26 A4E-07
R 0.27 -21.7 1003 1.80 129 0.14 0.33 2E-20 186 16.9 0.11 08814 091 7.6 0.12 0.30 2E-04
R 0.27 -21.5 1002 244 174 0.14 035 2E-31 1.75 146 0.12 0212 099 83 0.12 0.27 2E-06
R 0.26 -21.2 1002 2.87 20.5 0.14 038 6E-42 204 170 0.12 017 1.12 9.3 0.12 0.46 1E-04
R 032 -228 903 168 120 0.14 030 1E-16 157 131 0.12 0.31® 086 7.2 0.12 0.34 2E-05
R 032 -223 904 209 149 0.14 036 2E-22 137 114 0.12 0.410L 0.89 74 0.12 0.31 6E-05
R 032 -22.1 903 1.70 121 0.14 045 1E-18 150 125 0.12 0.40% 0.67 52 0.13 0.37 4E-02
R 032 -21.9 0904 212 151 0.14 035 2E-26 164 13.7 0.12 0.814 092 7.7 0.12 0.27 3E-04
R 030 -21.7 903 3.38 225 0.15 0.36 8E-45 193 16.1 0.12 0.3133 094 7.8 0.12 048 1E-03
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212 Results of Stacking the GAMA Sample




Appendix D

Images, Spectra and Notes on Galaxies

In the 500m Sample

The following pages contain SDSG colour images, 250m contour maps, inte-
grated CO spectra and CO zeroth moment (integrated inggmséps for each of the
galaxies observed with HARP and RxA. The size of each SDS§ensequal to the
HARP footprint, i.e. 2on a side, for ease of reference. Adjacent to the colour insage
a SPIRE 25Q:m contour map (contours at 10, 30, 50, 70, 90 per cent of themmaxi
pixel value) overlaid on the-band grey-scale, which is linearly scaled between the 2

and 98" percentiles. These images are also shown for the galaxiedgerved in CO.

HARP/RxA moment maps are rebinned spatially by a fator 2, and are masked
outside of the elliptical apertures used. Maps are predete common angular scale,
with ellipses indicating the extent of the sub-mm and optgaission. Spectra are
rebinned to 2&ms~' resolution where the signal-to-noise is high, orké0s~' or
80kms ' resolution where necessary to make the line stand out. Mélyeode-
tections have too low signal-to-noise for the moment magsetmstructive, yet their

integrated intensities constitute significant detectimmshown in Sectidn4.3.3.
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Figure D.1: NGC 5713.Top: SDSS image, 250m contours, and aperture-integrated spectra in
HARP (black) and RxA (green). Blue lines =1tine width from HIPASS; orange = CO line width
from literature; red = CO width integrated over for momenpsiaBelow: rebinned moment maps
in HARP (left) and RxA (right). In these, O marks the opticahtroid and S the SPIRE centroid,;
the green line is the SPIRE Kron ellipse and blue isBhbandD,; isophote. The white line marks
the aperture within which the total flux was integrated.

NGC 5713: This face-on spiral galaxy was well detected and mapped tin &mis-
sion lines, and both CO(3-2) and CO(2-1) components ara@xtkin the galaxy.
The overall line ratio isR3y = I35/, = 0.82 + 0.07, which is consistent with typi-
cal spiral galaxies, but the CO(3-2) emission is more clyitancentrated than the
CO(2-1) indicating a higher line ratio in the nucleus. Thiaggis classified SABbc
on NED, and is flagged as peculiar and am émitter. It is in a pair with NGC 5719,
at a projected separation of about 80 kpc (D)1w8th approximately the same radial
velocity. It also has a high 60/5Q0n flux ratio (see Tablé€4l1), only exceeded by
SDP 15 and SDP 1 which are both classified as AGN in NED. All & itk consis-
tent with NGC 5713 being a starburst galaxy (e.g. Albrechiigel & Chinil200¥), in
which the CO excitation is higher in the warm, dense statgsnvironment (e.g.
Papadopoulost alll2012). This galaxy is therefore unusual compared with teeat

the sample, which is dominated by cold, dusty galaxies.
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Aperture—integrated spectrum (K)
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Figure D.2: NGC 5690. Top: SDSS image, 250m contours, and aperture-integrated spectra in
HARP (black) and RxA (green). Blue lines =IHine width from HIPASS; orange = CO line width
from literature; red = CO width integrated over for momenpsiaBelow: rebinned moment maps
in HARP (left) and RxA (right). ‘O’ marks the optical centtband ‘S’ the SPIRE centroid; the
green line is the SPIRE Kron ellipse and blue is fhvband D, isophote. The white line marks
the aperture within which the total flux was integrated.

NGC 5690: This galaxy is an isolated, highly inclined and extendedad§type Sc).
It is detected in both images and can be coarsely mappedatioroturve was evident
in the spectra in the cube. Intensity grows in the curve ofmnoout toa = 45”
in CO(2-1), and to aroun@s” in CO(3-2), which is within the optical size. It is
unlikely that the CO(3-2) is more extended than the CO(2afy the discrepancy
is more likely due to differences in the noise in the two mahs; signal-to-noise is
lower in the CO(2-1) map so that any rise in the curve of graatthigh radii may
be undetectable. On the other hand, the extent of the SPIRESIem is only60” so
the apparent rise in the HARP curve of growth beyond this niaply be noise (the
flux within 60” is consistent within o of the flux within75”). The overall line ratio is

R35 = 0.80 4+ 0.21, similar to that of NGC 5713.
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Aperture—integrated spectrum (K)
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Figure D.3: NGC 5719. Top: SDSS image, 250m contours, and aperture-integrated spectra
from HARP. Blue lines = H line width from HIPASS; orange = CO line width from literagyr
red = CO width integrated over for moment maps. Below: rebihmoment map. ‘O’ marks the
optical centroid and ‘'S’ the SPIRE centroid; the green Igithe SPIRE Kron ellipse and blue is the
B-bandDy5 isophote. The white line marks the aperture within whichttial flux was integrated.

NGC 5719: This source was only observed with HARP, and we obtained eellext
detection with clearly extended emission, a good signaideise map and an obvious
rotation curve. Most of the emission is within the centrat 20" aperture (as is most
of the FIR/sub-mm emission), although there appears to bend&d emission out
to a = 55", coincident with extended low-surface-brightness eroisén the SPIRE
images and a dark dust ring visible in the optical. NGC 5719assified as an early-
type spiral (SABa) but is peculiar due to the strong, warpest ding that is clearly
visible in the SDSS image. The galaxy is known to have a countating disk of
ionized gas and stars, likely as a result of an interactidgh WGC 5713I(Verganet all
20073 Coccatet alll2011). The rotation curve of the molecular gas matches ftitheo
counter-rotating disk, rather than that of the main steltanponent. The gas and dust
probably accreted onto NGC 5719 during the interaction &edpresence of dense

molecular gas suggests that this is fuelling star-fornmaiticthe counter-rotating disk.



Images, Spectra and Notes on Galaxies in the 5Q6n Sample 217

Aperture—integrated spectrum (K)
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Figure D.4: NGC 5584. Top: SDSS image, 250m contours, and aperture-integrated spectra
from HARP. Blue lines = H line width from HIPASS; orange = CO line width from literaggr
red = CO width integrated over for moment maps. Below: rebithmoment map. ‘O’ marks the
optical centroid and ‘'S’ the SPIRE centroid; the green Igihe SPIRE Kron ellipse and blue is the
B-bandDy5 isophote. The white line marks the aperture within whichtthial flux was integrated.

NGC 5584: This galaxy is an isolated, face-on, late-type spiral (SABcNED) and
is extended over about 2 arcminutes, hence has low surfegigress and requires a
large map. Nevertheless, the dust surface brightness lissaigpne would expect to
detect CO across the galaxy. We used two overlapping HARRtipgs to cover the
full galaxy and to achieve double coverage in the centre. édaw despite repeated
observations on different nights, some of the data suffieoed ripples in the baselines,
high system temperatures and spikes. Noisy receptors waskad and baselines were
fitted to various different spectral ranges with 1st and 2mtopolynomials in order
to achieve flat spectra; however residual baselines remammany pixels. A large
aperture is required to obtain any detection; in fact noigant emission is detected
within the centrak ~ 30” aperture. A larger aperture does collect significant eiminssi
showing that dense gas in this galaxy is distributed withenduter spiral arms and is

very clumpy (consistent with the blue star-forming regigissble in the SDSS image).
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Aperture—integrated spectrum (K)
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Figure D.5: NGC 5740. Top: SDSS image, 250m contours, and aperture-integrated spectra
from HARP. Blue lines = H line width from HIPASS; orange = CO line width from literagr
red = CO width integrated over for moment maps. Below: rebihmoment map. ‘O’ marks the
optical centroid and ‘S’ the SPIRE centroid; the green Ighe SPIRE Kron ellipse and blue is the
B-bandDy5 isophote. The white line marks the aperture within whichtthal flux was integrated.

NGC 5740: This is another galaxy observed only with HARP. A good debdecbf the
total intensity was obtained withim = 30", consistent with the extent of the SPIRE
emission, and a rotation curve was evident in the cube. Ihiextended SABb-type
spiral in a pair with NGC 5746, with a projected separatiomlodut 120 kpc (18/R

offset in radial velocity by about 156n s ".
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Figure D.6: NGC 5496. Top: SDSS image, 250m contours, and aperture-integrated spectra in
HARP (black) and RxA (green). Blue lines =IHine width from HIPASS; orange = CO line width
from literature; red = CO width integrated over for momenpsiaBelow: rebinned moment maps
in HARP (left) and RxA (right). ‘O’ marks the optical centtband ‘S’ the SPIRE centroid; the
green line is the SPIRE Kron ellipse and blue is fhvband D, isophote. The white line marks
the aperture within which the total flux was integrated.

NGC 5496: This is an extended, low-surface-brightness, edge-onghskxy, with a
blue colour similar to NGC 5584. The HARP map may contain semession in the
centrala = 20" aperture, but this has 2¢ significance. In larger apertures the noise
worsens and signal does not increase significantly, so aardppit was measured

in an aperture equal to the full optical size. The RxA map s®aloisy, with only a
2.60 detection within the80” aperture; however the curve of growth does not grow
smoothly indicating that this detection may be unreliahle tb residual baselines. In
the moment map the emission appears to originate from theat@md northern parts

of the image, which is consistent with the distribution of/SP emission.
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Figure D.7: NGC 5750. Top: SDSS image, 250m contours, and aperture-integrated spectra in
HARP (black) and RxA (green). Blue lines =1tine width from HIPASS; orange = CO line width
from literature; red = CO width integrated over for momenpsiaBelow: rebinned moment maps
in HARP (left) and RxA (right). ‘O’ marks the optical centtband ‘S’ the SPIRE centroid; the
green line is the SPIRE Kron ellipse and blue is tbvand D55 isophote. The white line marks
the aperture within which the total flux was integrated.

NGC 5750: The RxA and HARP cubes for this galaxy had some bad baselihehw
meant that some pixels had to be masked in both maps, butraaliéa was obtained
from the HARP data with a good curve of growth and a detectighivan aperture
similar to the SPIRE sizea(= 42”). The rise in the curve of growth &b” is not

significant, and appears to be due to a residual baseline. ppardimit was mea-
sured from the RxA cube, although the fluctuating curve ofginandicates that some
residual baselines may remain. NGC 5750 is an early-typxgdSB0/a ) similar to
NGC 5719, SDP 4, SDP 15 and SDP 18, and is therefore unusuglazethwith the

rest of the flux-limited sample. It also has a blue star-foigring clearly visible in the
SDSS image, which is consistent with the extended SPIRE &hé@ission, though
unfortunately the signal-to-noise in the HARP and RxA cuisasot good enough to
map this. The peak in the CO(2—1) spectrum at around k450" may be genuine
emission associated with the blue (star-forming) rindy@igh it is not significant in

CO(2-1) and is absent in CO(3-2) so was not included in tlegrated intensity.
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Figure D.8: NGC 5691. Top: SDSS image, 250m contours, and aperture-integrated spectra
in HARP (black) and RxA (green). Blue lines =iHine width from HIPASS; red = CO width
integrated over for moment maps. Below: rebinned momensrimtadARP (left) and RxA (right).

‘O’ marks the optical centroid and ‘'S’ the SPIRE centroid green line is the SPIRE Kron ellipse
and blue is thé3-bandDy; isophote. The white line marks the aperture within whichtttal flux
was integrated.

NGC 5691: This galaxy was observed with both HARP and RxA. Problentzdise-
lines were encountered in one of the HARP receptors on tredsuof the array, but
after masking this there were no further problems. Detastigere then obtained in
both HARP and RxA maps. The HARP flux is fully contained withimout20”, but
the RXA continues to grow out to abogi”. This galaxy is another early-type spiral
(SABa), but it appears to have a tidal tail in the SDSS image ismuch bluer overall
than the other early types (NGC 5750 and NGC 5719) so it mayhagk undergone
an interaction. The CO(3-2) emission appears to be confimstiyrto the nucleus and
has a narrow line width (consistent with the)Halthough CO(2-1) emission appears

to extend further out.
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Figure D.9: CGCG 013-010.Top: SDSS image, 250m contours, and aperture-integrated spectra
in HARP (black) and RxA (green). Red lines = CO width integtadver for moment maps. Below:
rebinned moment maps in HARP (left) and RxA (right). ‘O’ mautke optical centroid and ‘S’
the SPIRE centroid; the green line is the SPIRE Kron ellipakldue is theB-bandD-5 isophote.
The white line marks the aperture within which the total fluxsantegrated.

CGCG 013-010: This galaxy is classified as an early-type spiral (Sab) ardthe
spectral classification of an iHemitter or LINER on NED. A detection was obtained
in the HARP cube in 80" aperture and a marginal detection in the RxA cubg(h
(which encloses the whole cube). It is possible that the €O)#ux is slightly under-

estimated since the full aperture used in HARP is not coveyetie RxA cube.
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Figure D.10: NGC 3907B.Top: SDSS image, 250m contours, and aperture-integrated spectra
from HARP. Orange lines = CO line width from literature; redC© width integrated over for
moment maps. Below: rebinned moment map. ‘O’ marks the abtientroid and ‘S’ the SPIRE
centroid; the green line is the SPIRE Kron ellipse and blukés3-band D, isophote. The white
line marks the aperture within which the total flux was intggd.

NGC 3907B:This was only observed with HARP, and a good detection wees ioéd.

The spectrum is significantly noisier in the wings than in teatre due to the co-
addition of two observations with different bandwidthsr{be the central velocities
have greater integration time). The noise is measured flenpart of the spectrum
outside the line, and is therefore likely to be over-estadaand the signal-to-noise
of the detection is likely to be better than what is quotedisalaxy is an edge-on
spiral (Sb) with a prominent dust lane, and exists in a pdin WIGC 3907 (not in this

sample).
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Figure D.11: CGCG 018-077. Top: SDSS image, 25@m contours, and aperture-integrated
spectra in HARP (black) and RxA (green). Blue lines * lshe width from HIPASS; orange =
CO line width from literature; red = CO width integrated of@r moment maps. Below: rebinned
moment maps in HARP (left) and RxA (right). ‘O’ marks the @gtli centroid and ‘S’ the SPIRE
centroid; the green line is the SPIRE Kron ellipse and blukdd3-band D, isophote. The white
line marks the aperture within which the total flux was intggd.

CGCG 018-077:The RxA spectra for this source suffered from bad baselindslae
to the broad line width it was necessary to clip fewer chasmfiem the ends (compared
with other spectra), in order to successfully fit and sulbtitae noisy baselines. Even
after doing this, no significant detection was obtained in(ZQ). A better detection
was obtained in the HARP cube within the extent of the op#eraission { = 22"),
although the curve of growth appears to continue growinghbdythis, probably as a

result of residual baselines in the noisy outer pixels ofntiag.

The galaxy is an edge-on spiral (classified as Sc in HyperLE®D®A is more distant
(hence smaller) than the NGC galaxies. The broad CO(3-2)vidth agrees well
with H1.
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Figure D.12: NGC 5478.Top: SDSS image, 250m contours, and aperture-integrated spectra in
HARP (black) and RxA (green). Blue lines =IHine width from HIPASS; orange = CO line width
from literature; red = CO width integrated over for momenfpsiaBelow: rebinned moment maps
in HARP (left) and RxA (right). ‘O’ marks the optical centtband ‘S’ the SPIRE centroid; the
green line is the SPIRE Kron ellipse and blue is fhvband D, isophote. The white line marks
the aperture within which the total flux was integrated.

NGC 5478: A good detection is obtained in the RxA map and a reasonal®@eron
the HARP map, both within 80" aperture equal to the optical size. The galaxy is an

intermediate-type spiral (SABbc) with a red optical colour
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Figure D.13: NGC 2861. Top: SDSS image, 25@m contours, and aperture-integrated spectra
from HARP. Orange lines = CO line width from literature; redC® width integrated over for
moment maps. Below: rebinned moment map. ‘O’ marks the aptientroid and ‘'S’ the SPIRE
centroid; the green line is the SPIRE Kron ellipse and blubed3-bandD-; isophote. The white
line marks the aperture within which the total flux was intggd.

NGC 2861: This was only observed with HARP. Most of the emission is aorad
within 20” (similar to the SPIRE profile), although there is marginaivgth up to the
optical extent att0”, though this is not significant. An aperture= 25” was chosen as

a compromise. Both CO andiHines are narrow, as the galaxy is seen face-on. This is
a barred spiral (SBbc) that exists in a triplet with CGCG @d&-and CGCG 006-041

(not in this sample).
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Figure D.14: SDP 1.Top: SDSS image, 250m contours, and aperture-integrated spectra from
RXA. Blue lines = Hi line width from HIPASS; orange = CO line width from literagyrred = CO
width integrated over for moment maps. Below: rebinned mumeap. ‘O’ marks the optical
centroid and ‘S’ the SPIRE centroid; the green line is theR&EPKron ellipse and blue is thB-
bandD,; isophote. The white line marks the aperture within whichttital flux was integrated.
These images are shown at a higher scal¢ @%b a side while the others aré) 2o reveal the
structure in the SDSS image.

SDP 1:This was only observed with RxA. A broader line-width wasiesed relative

to the Hi line, based on the observed RxA spectrum, which was consigiéh the
CO(1-0) line measured in NRO data (see Tablé 4.4). This isxeesolved source (as

it is in SPIRE), and 20" aperture contains all the flux. The SDSS image indicates
a tidally disturbed or merger morphology, which could actodier the existence of
molecular gas in a different velocity range from the.HThe spectral classification
from SDSS is a narrow-line AGN (with highiNHa and Qi1 /H ratios), and the bright

red nucleus is consistent with an optically luminous AGNwgitrong dust obscuration.
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Figure D.15: SDP 15.Top: SDSS image, 25@m contours, and aperture-integrated spectra from
HARP. Orange lines = CO line width from literature; red = CQithi integrated over for moment
maps. Below: rebinned moment map. ‘O’ marks the opticalrogshand ‘'S’ the SPIRE centroid;
the green line is the SPIRE Kron ellipse and blue isakandD-; isophote. The white line marks
the aperture within which the total flux was integrated.

SDP 15: This was observed with HARP as a single pointing, but thermisign of a
detection within the central four pixels that cover the seult is possible that emission
has been missed in this single-pointing HARP map, which daégprovide Nyquist
sampling of the sky (unlike the jiggle mode used for the otHARP observations).
No detection was obtained in the single-pointing obseovatrith RxA either. SDP 15
is an early-type galaxy with a much lower SPIRE flux than thet of the sample, so

this is not surprising.
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Figure D.16: SDP 4.SDSS image, 250m contours, and aperture-integrated spectra from HARP.
Orange lines = CO line width from literature; red = CO widtkeigrated over for moment maps.

SDP 4: Like SDP 15, SDP 4 was included in the sample because it wasfotine
brightest early-type galaxies detected in the H-ATLAS SBBwlandset alli2012). It
was observed with RxA and a good detection was obtained;atidg the presence of
molecular gas as well as dust in this unusual galaxy. It isstfi@d as SO/a and is an

H 11 emitter.



230 Images, Spectra and Notes on Galaxies in the 506 Sample

NGC 4030

NGC 5746

NGC 5705

UGC 09215

Figure D.17: SDSS images and 250@n contours for galaxies not observed in CO.



Bibliography

Aaronson M., Olszewski E. W., 1988ature 309, 414.[1.3.P

Abdo A. A.etal, 2010.ApJ 710 133.[4ZT1

Adelman-McCarthy J. Ket al,, 2008.ApJS 175 297.[3 21

Afonso J., Hopkins A., Mobasher B., Aimeida C., 20@%J, 597, 269.[T.%
Aihara H.et al, 2011.ApJS 193 29.[T%

Albrecht M., Kriigel E., Chini R., 2007A&A, 462, 575.[Z4[D

Allamandola L. J., Hudgins D. M., Sandford S. A., 199%J 511, L115.[T.3%#
Alonso-Herrero Aet al,, 2006.ApJ, 640, 167.[Z51

Alpher R. A., Herman R. C., 194&hysical Reviewr4, 1737 .[T. 11

Alpher R. A., Bethe H., Gamow G., 1948hysical Reviewr3, 803.[1. 11
Amblard A.et al, 2010.A&A, 518 L9. Z5.3[4.711

Anderson Let al, 2012. ArXiv:1203.6594[1.11

Angus G. W,, Shan H. Y., Zhao H. S., Famaey B., 208@J Letters654, L13.[1T.11
Appleton P. Net al, 2004.ApJS 154, 147.[ZTP[ 2515

Appleton Pet al,, 2009. In:astro2010: The A&A Decadal Survey. L. T2
Ashby M. L. N.etal, 2011.PASR 123 1011.[T.2P

Atek H.et al, 2010.ApJ, 723 104.[T.Z1

Auger M. W.,, Treu T., Bolton A. S., Gavazzi R., Koopmans L. V, Harshall P. J.,
Bundy K., Moustakas L. A., 200%pJ, 705, 1099.[3ZP

Babcock H. W., 1939Lick Obs. Bull, 19, 41.[T.T1

Baldry I. K., Glazebrook K., Brinkmann J., Ivezi ., LuptoniR., Nichol R. C., Szalay
A. S., 2004.ApJ 600, 681.3.2P

Baldry I. K. et al, 2010. MNRAS 404, 86.[3 213413
Baldwin J. A., Phillips M. M., Terlevich R., 198 PASP 93, 5.[T.Z1



232 Bibliography

Barger A. J., Cowie L. L., Richards E. A., 2008J, 119, 2092.[Th

Barger A. J., Cowie L. L., Sanders D. B., Fulton E., Tanigu¢hiSato Y., Kawara
K., Okuda H., 1998Nature 394, 248.L.#[TU

Barger A. J., Cowie L. L., Smail I., lvison R. J., Blain A. W.nKib J.-P., 1999AJ,
117, 2656.1.1

Barlow M. J.et al,, 2010.A&A, 518 L138.[1.31
Barnes D. Get al, 2001.MNRAS 322 486.[4.ZN[ 4411, 2.4.3

Bastian N., Covey K. R., Meyer M. R., 2018RA&A 48, 339.[TZ1
Bauer A. E., Drory N., Hill G. J., Feulner G., 200BpJ, 621, L89.[T.T2[Z5}K
Baugh C. M., Cole S., Frenk C. S., 1994dNRAS 283 1361.CT. TP

Baugh C. M., 2006Reports on Progress in Physj@&9, 3101.CTB[T.T]2

Bell E. F.et al, 2004.ApJ, 608, 752.[3.2P

Bell E. F., 2003.ApJ 586, 794.[1ZP[ T4, 2. 25, 2 H 4 2155, P[13, 2.6
Bendo G. Jet al, 2010.A&A, 518 L65.[35.%

Bendo G. Jet al, 2012.MNRAS 419, 1833 (LW 4513 4 6.51.5

Benson A. J., Lacey C. G., Baugh C. M., Cole S., Frenk C. S.220NRAS 333
156.[TTP

Benson A. J., Bower R. G., Frenk C. S., Lacey C. G., Baugh CQdle S., 2003.
ApJ 599, 38.[LT2[Tl6

Bertin E., Arnouts S., 1996A&AS 117, 393.[4.3.B

Bertone G., 2010Nature 468 389.[1T.1.1

Béthermin M., Dole H., Cousin M., Bavouzet N., 20J88A, 516, A43.[3. 43
Bianchi S., Davies J. |, Alton P. B., 1998&A, 344, L1. [1.33

Bigiel F. et al, 2011.ApJ Letters730, L13.[£T2

Blain A. W., Barnard V. E., Chapman S. C., 2008NRAS 338 733.[34H
Blain A. W., Smaiil I., lvison R. J., Kneib J.-P., 1998INRAS 302 632.[3.5.1

Blain A. W., Smail I., lvison R. J., Kneib J.-P., Frayer D. ZQ02. Physics Reporis
369 111.[T4

Blain A. W., Combes F., Draine B. T., Pfenniger D., Revaz Y0p2. The Cold
Universe: Saas-Fee Advanced Course 32, 2002. Swiss Stmietgtrophysics and
Astronomy Springer, Heidelberg, Germay_1J3 1115, 4.1.1

Blain A. W., 1996.MNRAS 283 1340.[34P



Bibliography 233

Blake C.et al, 2011.MNRAS418 1707.[T11

Blanton M. R., Roweis S., 200AJ, 133 734.[321
Blanton M. R.et al,, 2003.ApJ, 594, 186.[3.2.P

Boker T., Lisenfeld U., Schinnerer E., 2008&A, 406, 87.[4.3
Bondi M. et al,, 2007.A&A, 463 519.[Z 51

Boquien M.et al, 2011.AJ, 142, 111.[I3[Z4 511 216, 51.5
Boselli A. et al, 2010a.PASR 122, 261.[35B

Boselli A. et al,, 2010b.A&A, 518, L61.[T3 35 4211
Boselli A. et al, 2012.A&A, 540, A54.[A53B[ZH 5715
Bosma A., 1978PhD thesis Groningen University_1.711
Bothwell M. S.et al, 2012.ArXiv:1205.1511[451
Bouché N.et al,, 2007.ApJ, 671, 303.[Z TP

Boulanger F., Abergel A., Bernard J., Burton W. B., DeserHartmann D., Lagache
G., Puget J., 1996A&A, 312, 256.[T.3B

Bourne N., Dunne L., lvison R. J., Maddox S. J., Dickinson Fayer D. T., 2011.
MNRAS 410, 1155.TWTH, 2 TP 3.0, 3 K3 5]1.2

Bourne N.et al, 2012.MNRAS 421, 3027 13N T19.5.7.3

Bower R. G., Benson A. J., Malbon R., Helly J. C., Frenk C. Swgh C. M., Cole
S., Lacey C. G., 2006MINRAS 370, 645.[T. TP

Braine J., Combes F., Casoli F., Dupraz C., Gerin M., Klein Wielebinski R.,
Brouillet N., 1993.A&AS, 97, 887.[45B

Brammer G. B., van Dokkum P. G., Coppi P., 208%J, 686, 1503.[2. 211
Braun R., 2012ApJ, 749 87.[443B

Brinchmann J., Ellis R. S., 200@\pJ 536, L77.[Z5.%

Browne I. W. A.et al,, 2003. MNRAS 341, 13.[3.4.?

Bruzual G., Charlot S., 2003MNRAS 344, 1000.[ZZ N[ 3211

Bruzual A. G., 1983ApJ 273 105.[34b

Buat V., Burgarella D., 1998A&A, 334, 772.[L.3P

Buat V., Xu C., 1996 A&A, 306, 61.[T.3

Buat V.et al, 2005.ApJ Letters619, L51.[1.32



234 Bibliography

Buat V., Takeuchi T. T., Burgarella D., Giovannoli E., Mua#. L., 2009.A&A, 507,
693.[1.%

Buat V.et al, 2010.MNRAS 409 L1.[L4 354

Bullock J. S., Kravtsov A. V., Weinberg D. H., 2008pJ, 539, 517.[T 1P
Bundy K., Ellis R. S., Conselice C. J., 2004pJ, 625, 621.[T.T.P

Bundy K. et al,, 2006.ApJ, 651, 120.CC TP 114

Burbidge G. R., 1956ApJ 124, 416.[ZT1

Burton M. G., Hollenbach D. J., Tielens A. G. G., 199%J, 399, 563.[4Z 11
Butcher H., Oemler A., 1978ApJ, 226, 559.[T. 1B

Butcher H., Oemler A., 1984ApJ 285, 426.[1.1.B

Calzetti D.et al,, 2007.ApJ, 666, 870.CLA 2111

Calzetti D.et al, 2010.ApJ 714, 1256 .[TH[ 2. T11

Calzetti D., Kinney A. L., Storchi-Bergmann T., 1994pJ, 429, 582.[1.3.P[T1.3]2
Calzetti D., 2001 PASR 113 1449.[1h

Cameron E., 2011PASA 28, 128.[3 4P

Cappellari M.et al, 2011.MNRAS 416, 1680.L.T.TB

Cappellari M.et al,, 2012.Nature 484, 485.[1.2.1

Caputi K. 1., Dole H., Lagache G., McLure R. J., Dunlop J. $ig€t J.-L., Le Floc’h
E., Prez-Gonzlez P. G., 2008&A, 454, 143.[T.4

Carilli C. L. et al,, 2008.ApJ, 689, 883.[1.2ZP[2.2]2

Carroll B., Ostlie D., 1996. An Introduction to Modern Astrophysicé&ddison-
Wesley, USALTZIL T2 P 13.1

Casey C. M., 2012ArXiv:1206.1595[1.4
Catinella B.et al,, 2010.MNRAS 403, 683.[£.4.B
Catinella B.et al,, 2012.A&A, 544, A65.[L 5. 5[4
Chabrier G., 2003PASR 115 763.[3. 2.1 3.4.5]2

Chapman S. C., Richards E. A., Lewis G. F., Wilson G., Bargel.A2001 ApJ, 548
L147.[13

Chapman S. C., Scott D., Borys C., Fahlman G. G., 20MRRAS 330 92.[T3

Chapman S. C., Blain A. W., lvison R. J., Smail |. R., 200Raturg 422, 695.[T.%



Bibliography 235

Chapman S. Cet al,, 2003b.ApJ 585, 57.[1T.%

Chapman S. C., Blain A. W., Smail I., Ivison R. J., 20@pJ, 622, 772.[T#[ 2513
Charlot S., Fall S. M., 2000ApJ, 539, 718.[T.3P

Chary R., Elbaz D., 2001ApJ, 556, 562.[ZZ4.B[ 2519, 351,83 14

Chary R.-R., Pope A., 201®&rXiv:1003.1731343

Chavez M., Bertone E., 201Ap&SS 335 193.[35H

Chen Y.-M., Wild V., Kauffmann G., Blaizot J., Davis M., NdesK., Wang J.-M.,
Willmer C., 2009.MNRAS 393 406.[1.1P

Cherchneff I., 2010. InHot and Cool: Bridging Gaps in Massive Star Evolutjon
237, eds Leitherer C., Bennett P. D., Morris P. W., Van Looh .31

Chi X., Wolfendale A. W., 1990MNRAS 245 101.[ZT1
Clements D. Let al, 2008.MNRAS 387, 247.[T.4

Clowe D., Brada M., Gonzalez A. H., Markevitch M., RandalV&, Jones C., Zarit-
sky D., 2006.ApJ 648 L109.[T.T1

Coccato L., Morelli L., Corsini E. M., Buson L., Pizzella Afergani D., Bertola F.,
2011.MNRAS412 L113.[0

Cohen A. S., Rottgering H. J. A., Jarvis M. J., Kassim N. E&zib T. J. W., 2004.
ApJS 150, 417.2Z51

Colberg J. Met al,, 2000. MNRAS 319 209.[T.T.P

Cole S., Aragon-Salamanca A., Frenk C. S., Navarro J. Ff, Zep., 1994 MNRAS
271, 781.[TTP[I.TI2

Cole S., Lacey C. G., Baugh C. M., Frenk C. S., 200INRAS 319 168.[I. 1P
Cole S.etal, 2001.MNRAS 326, 255.[T.6

Cole S.etal, 2005.MNRAS 362 505.[T.T.1L

Condon J. J., Cotton W. D., Broderick J. J., 2083, 124, 675.C1.TP

Condon J. J., Condon M. A., Gisler G., Puschell J. J., 19§, 252, 102.[T. 1B
Condon J. J., 198ApJS 53, 459.[Z41

Condon J. J., 19928RA&A 30, 575.[LZP[ZT11.24.1

Connolly A. J., Szalay A. S., Dickinson M., Subbarao M. U.uBner R. J., 1997.
ApJ Letters486, L11.[T.12

Connolly A. J.et al,, 2002.ApJ, 579 42.[A2
Conselice C. Jet al, 2007.MNRAS 381, 962.[TTP[ 2711



236 Bibliography

Coppin K.et al, 2010.ApJ, 713 503.[Z&1

Corbelli E.et al,, 2012.A&A, 542, A32. [T B[S Z9 8 155 N6, 5]1.4
Cortese L., Hughes T. M., 2008ANRAS 400, 1225.[3.2P

Cortese Let al, 2006.ApJ, 637, 242.[1.3P[3]1

Cortese L., Boselli A., Franzetti P., Decarli R., GavazziBaissier S., Buat V., 2008.
MNRAS 386, 1157.[T.3 1 114

Covey K. R., Bastian N., Meyer M. R., 2011. I8tellar Clusters & Associations: A
RIA Workshop on Gajg. 65.CZ1

Cowie L. L., Songaila A., Hu E. M., Cohen J. G., 199%], 112, 839.[L.T.P[Z5]4
Cowie L. L., Songaila A., Barger A. J., 1998, 118 603.[1T.1P

Cox P.etal, 2011.ApJ 740, 63.[421

Cox P., Kruegel E., Mezger P. G., 1988&A, 155 380.[4Z.T1

Croton D. Jet al, 2006.MNRAS 365, 11.[T4[T.1P

Cucciati O.et al, 2012.A&A, 539 A31.[T3

da Cunha E., Charlot S., Elbaz D., 2008NRAS 388 1595.[T.TH[ 5]2

da Cunha E., Eminian C., Charlot S., Blaizot J., 20M0NRAS 403 1894.[3.5.311

Dabringhausen J., Kroupa P., Pflamm-Altenburg J., Miesk@®.2. ApJ, 747, 72.
|

Daddi E.et al,, 2005.ApJ 631, L13.[Z5.B

Daddi E.et al, 2007a.ApJ, 670, 156.(ZZ1

Daddi E.et al,, 2007b.ApJ, 670 173.[LZP[ T4 211

Daddi E.et al, 2010a.ApJ, 713 686.[Z2[Z4.T113

Daddi E.et al,, 2010b.ApJL, 714, L118.[ZT P[4 T]2

Dale D. A., Helou G., 2002ApJ, 576, 159.[1.3P[ 2513 39.2

Dale D. A., Helou G., Contursi A., Silbermann N. A., Kolhatli&, 2001.ApJ 549,
215.[Z5B

Dale D. A.et al, 2005.ApJ, 633 857.(ZT1

Damen M., Forster Schreiber N. M., Franx M., Labbé I., ®ftvan Dokkum P. G.,
Wuyts S., 2009aApJ 705, 617.[35.1

Damen M., Labbé I., Franx M., van Dokkum P. G., Taylor E. Naw&ser E. J., 2009b.
ApJ 690, 937.2ZZN[ 2212, 23.6. 254, 2194, 35.1



Bibliography 237

Damen M.et al, 2011.ApJ, 727, 1.[Z21
Dariush A.et al, 2011.MNRAS 418 64.[31[3.411
Davis M., Efstathiou G., Frenk C. S., White S. D. M., 198@J 292 371.[11P

De Breuck C., van Breugel W., Rttgering H. J. A., Miley G., ROB&AS, 143 303.
251

de Grijp M. H. K., Miley G. K., Lub J., de Jong T., 198Blature 314, 240.[T.3}%

de Jong T., Clegg P. E., Rowan-Robinson M., Soifer B. T., Hgl. J., Houck J. R.,
Aumann H. H., Raimond E., 1984ApJ 278 L67.[L.32

de Lucia G., Springel V., White S. D. M., Croton D., Kauffma@n 2006.MNRAS
366, 499.[TTP[1.T]I2

de Ravel Let al, 2011.ArXiv:1104.5470[ 1.3

de Vaucouleurs G., de Vaucouleurs A., Corwin H. G., Buta RPdturel G., Fouqué
P., 1991. Third Reference Catalogue of Bright Galaxi&pringer, New York, NY.
243

de Vaucouleurs G., 195%andbuch der Physjle3, 275.[T. LB

de Vaucouleurs G., 1977. IrEvolution of Galaxies and Stellar Populatigns 43,
eds Tinsley B. M., Larson, D. Campbell R. B. G_1]1.3

Deo R. P., Richards G. T., Crenshaw D. M., Kraemer S. B., 26@9, 705, 14.[T.3%
Descartes R., 163d@-he World [LT1

Desert F.-X., Boulanger F., Puget J. L., 192&A, 237, 215.[T.3.P[ Z.5]5
Devereux N. A., Eales S. A., 1989ypJ, 340, 708.2Z 1.1

Devereux N. A., Young J. S., 1992, 103 1536.[T.#

Devlin M. J.et al, 2009.Nature 458 737.[Z5.B

Di Matteo T., Springel V., Hernquist L., 2008lat, 433 604.[L.T.P

Dicke R. H., Peebles P. J. E., Roll P. G., Wilkinson D. T., 198pJ, 142, 414.[1. 11,
L1

Dickinson M., FIDEL team, 2007. InAmerican Astronomical Society Meeting Ab-
stracts 822.2ZZ1

Dickinson M., Papovich C., Ferguson H. C., Budavri T., 2083J, 587, 25. [I.1.2,
L4

Dickman R. L., Snell R. L., Schloerb F. P., 198&pJ, 309, 326.[ZT1

Djorgovski S., Davis M., 1987ApJ, 313 59.[T.1T.B



238 Bibliography

Dole H.et al, 2006.A&A, 451, 417.[ZZP[3.413

Donley J. L., Rieke G. H., Pérez-Gonzalez P. G., Rigby J.ARnso-Herrero A.,
2007.ApJ 660, 167.[Z51

Donley J. L., Rieke G. H., Pérez-Gonzalez P. G., Barro G082ApJ, 687, 111.[Z.51
Draine B. T., Anderson N., 198%\pJ 292 494.[4Z5B

Draine B. T., Lee H. M., 1984ApJ, 285, 89.[1T.3P

Draine B. T., Li A, 2007 ApJ, 657, 810.[T.3 N[ T317.2.1.3

Draine B. T., Salpeter E. E., 1978pJ, 231, 438.[1.31[ 3531

Draine B. T.et al, 2007.ApJ 663, 866.[T.3 N[ 1313, 429.651.5

Draine B. T., 1990. InThe Evolution of the Interstellar Mediymp. 193, ed. Blitz L.
B531

Draine B. T., 2011.Physics of the Interstellar and Intergalactic MediuRrinceton
University Press, Princeton, New Jerdey, 1[T0, 1[3. 23113334 [4.THh

Draper A. R., Ballantyne D. R., 2012 Tale of Two Populations: The Contribution
of Merger and Secular Processes to the Evolution of Actiie@ia Nuclei [LT.3

Dressler A., Lynden-Bell D., Burstein D., Davies R. L., Falge M., Terlevich R.,
Wegner G., 1987ApJ, 313 42.[L13B

Dressler Aet al, 1997.ApJ 490, 577.[1.TB
Dressler A., 1980ApJ 236 351.[1.T.B
Driver S. Pet al, 2006. MNRAS 368 414.[31

Driver S. P., Popescu C. C., Tuffs R. J., Liske J., Graham AAléen P. D., de Propris
R., 2007.MNRAS 379 1022.31

Driver S. Pet al, 2009. Astronomy and GeophysidD, 12.[321

Driver S. Pet al, 2011.MNRAS413 971.[3 21

Driver S. Pet al, 2012. MNRAS 427, 3244 (355113

Dunne L., Eales S. A., 200MNRAS 327, 697.[I3 R 3 34 353, 4H4.511.5
Dunne L., Eales S. A., Edmunds M. G., 2008NRAS 341, 589.[35.311

Dunne L., Eales S., Edmunds M., Ivison R., Alexander P., GleinD. L., 2000.
MNRAS 315 115.[4ATN[ AT Z9.0, 45.4

Dunne L.et al., 2009a.MNRAS 394, 1307 L2 131 353.1
Dunne L.et al, 2009b.MNRAS 394, 3. 22 2[2 211 219 234 2 H5, 315.1



Bibliography 239

Dunne L.etal, 2011.MNRAS417, 1510 3134113531 3 H [T, 3193 B[15.13.16,
B531[B

Dwek E., Scalo J. M., 1980ApJ, 239 193.[35.311

Dye S., Eales S. A., Ashby M. L. N., Huang J.-S., Egami E., Biod\., Lilly S.,
Webb T., 2007 MNRAS 375, 725.[1.3.B

Dye S.et al, 2009.ApJ 703 285.[Z5.B[3.414
Dye S.etal, 2010.A&A, 518 L10.[31 34U 3511

Eales S., Lilly S., Gear W., Dunne L., Bond J. R., Hammer FE-&ere O., Crampton
D., 1999.ApJ 515 518.[TA[THK

Eales S., Lilly S., Webb T., Dunne L., Gear W., Clements Dn ¥u, 2000.AJ, 120
2244 [Th

Eales Set al, 2009.ApJ 707, 1779.(31[3 511 353.1

Eales Set al, 2010a.PASR 122 499.[1.4

Eales S. Aet al, 2010b.A&A, 518 L23.[31[35N[ 3531

Eddington A. S. ., 1916MNRAS 76, 525.[T.T.1L

Edelson R. A., Malkan M. A., 1986ApJ 308 59.[1.3%

Edmunds M. G., 200IMNRAS 328 223.[35311

Efstathiou G., Sutherland W. J., Maddox S. J., 1998ture 348 705.[1.11
Einstein A., 1916 Annalen der Physik354, 769.[T.T1

Einstein A., 1917.Sitzungsberichte derdfiglich PreuBischen Akademie der Wis-
senschaften (Berlin)l, 142.CT1

Eisenstein D. Jet al, 2005.ApJ, 633 560.C 11
Elbaz D.et al, 2010.A&A, 518 L29.[T3
Engel H.et al, 2010.ApJ, 724 233.[Z2[Z 111, Z5.[[ 2.6

Erb D. K., Steidel C. C., Shapley A. E., Pettini M., Reddy N, Adelberger K. L.,
2006.ApJ 647, 128.CTTP[T.211

Evrard A. E.et al, 2002.ApJ, 573 7.[L12

Faber S. M., Jackson R. E., 1978pJ, 204, 668.[T.T.B
Faber S. Met al,, 2007.ApJ, 665, 265.[3. 2P

Fadda Det al, 2006.AJ, 131, 2859.[2Z.3P

Fallest D. W., Nozawa T., Nomoto K., Umeda H., Maeda K., Kaz&s Lazzati D.,
2011.MNRAS418 571.[1.31



240 Bibliography

Fasano G., Poggianti B. M., Couch W. J., Bettoni D., Kjrga@rdVoles M., 2000.
ApJ 542 673.[11B

Faure Cet al, 2008.ApJS 176, 19.[3.4.P
Fazio G. Get al, 2004.ApJS 154, 10.ZZ1
Feldmann R., Gnedin N. Y., Kravtsov A. V., 2018pJ, 758 127.[Z 1P

Ferreras |., La Barbera F., de la Rosa |. G., Vazdekis A., dedllao R. R., Falcon-
Barroso J., Ricciardelli E., 201MNRAS[I.Z1

Feulner G., Goranova Y., Drory N., Hopp U., Bender R., 200NRAS 358 L1.
LI2[25Hh

Fitt A. J., Alexander P., Cox M. J., 1988INRAS 233 907.Z11

Fixsen D. J., Dwek E., Mather J. C., Bennett C. L., Shafer R.1898. ApJ, 508
123.34B(3PR

Flores H.et al, 1999.A&A, 343 389.[T.1P

Fontanot F., De Lucia G., Monaco P., Somerville R. S., Safin2009. MNRAS
397 1776.L1P

Forman W., Kellogg E., Gursky H., Tananbaum H., Giacconil®72. ApJ 178
309.1 11

Frayer D. Tet al, 2006.AJ, 131, 250.ZT.P

Frayer D. Tet al, 2011.ApJ, 726, L22.[423

Fu J., Kauffmann G., Li C., Guo Q., 201RINRAS 424, 2701.[4Z11

Fukugita M., Hogan C. J., Peebles P. J. E., 1998], 503 518.[I.T.B

Fullmer L., Lonsdale C. J., 1989PL D-1932, Version 2, part no 3, 0 (1984.4
Gall C., Hjorth J., Andersen A. C., 201A&AR, 19, 43.[T.31

Gallazzi A., Charlot S., Brinchmann J., White S. D. M., TrathicC. A., 2005. MN-
RAS 362 41.[TT?

Gallimore J. Fet al,, 2010.ApJS 187, 172.[45B

Gao Y., Solomon P. M., 2004&pJS 152 63.[41.38

Gao Y., Solomon P. M., 2004iApJ, 606, 271.[ZTP[ 211, 218 253, 25.4
Gardner J. P., 199%pJ, 452 538.[ZZ1

GarnT., Green D. A, Riley J. M., Alexander P., 2008NRAS$ 397, 11012 T, 716
Gawiser Eet al,, 2006.ApJS 162, 1.[ZZ1

Geach J. E., Papadopoulos P. P., 2042], 757, 156.[ZT1



Bibliography 241

Gebhardt Ket al,, 2000.ApJ, 539, L13.[T. 1.3

Genzel Ret al, 1998.ApJ 498 579.[T%

Genzel Ret al, 2010.MNRAS 407, 2091.[ZTV 412 Z21.P, 213 4)5.4
Genzel Ret al, 2012.ApJ 746, 69.[411

Gioia |. M., Gregorini L., Klein U., 1982A&A, 116, 164.[Z41
Giovanelli R.et al, 2005.AJ, 130, 2598.[4.4.B

Giovannoli E., Buat V., Noll S., Burgarella D., Magnelli R011. A&A, 525, A150.
253

Glazebrook K., Peacock J. A., Miller L., Collins C. A., 1998NRAS 275, 169.
221

Glenn Jet al, 2010.MNRAS 409 109.[3.4.B[B

Gomez H. L.et al, 2009.MNRAS 397, 1621.[131

Gomez H. Let al, 2012a.MNRAS 420, 3557.[131

Gomez H. Let al, 2012b.MNRAS 420, 3557.[35.311

Gonzalez J. E., Lacey C. G., Baugh C. M., Frenk C. S., 20ANRAS 413 749.[T4
Gonzalez-Nuevo kt al,, 2012.ApJ, 749 65.3ZP[EZNZ AL 51.1

Goto T.et al, 2011.MNRAS 414, 1903.[351

Gott J. R., Vogeley M. S., Podariu S., Ratra B., 208pJ 549 1. 2222314, 2.3.3,
PI0ZTP3313346.T.1

Gould R. J., Salpeter E. E., 1968pJ, 138 393.[411

Gracia-Carpio J., Garcia-Burillo S., Planesas P., Fuént Usero A., 2008.A&A,
479 703.[42

Grenier I. A., Casandjian J.-M., Terrier R., 20@&cience307, 1292.[Z.T1
Greve T. Ret al, 2005.MNRAS 359, 1165.[4.P[Z4.5]1

Greve T. Ret al, 2010.ApJ 719 483. 211311

Griffin M. et al,, 2007.Advances in Space Researdh, 612.[T.%

Griffith R. L., Stern D., 2010AJ, 140, 533.ZZP

Groves Bet al, 2012. MNRAS 426, 892.[45.B

Gruppioni C.et al, 2010.A&A, 518 L27.[351[35.311

Guilloteau Set al, 1992.A&A, 262, 624.[T4



242 Bibliography

Gunn J. E., GottJ. R., 1972pJ 176, 1.[L T3

Gursky H., Solinger A., Kellogg E. M., Murray S., Tananbaum Biacconi R.,
Cavaliere A., 1972ApJ 173 L99.[1.13

Guth A. H., 1981 Phys. Rev. D23, 347.[T2

Haarsma D. B., Partridge R. B., Windhorst R. A., Richards E.2800. ApJ, 544,
641.[LIP

Harayama Y., Eisenhauer F., Martins F., 2088J, 675 1319.[35.311
Harris A. I. et al, 2012.ApJ, 752, 152.[ZZ1

Hatziminaoglou Eet al, 2010.A&A, 518 L33.[L53B

Haynes M. P., Giovanelli R., 1984\J, 89, 758.[4.Z1[ 2. 413, 24.4.3

Hayward C. C., KereS D., Jonsson P., Narayanan D., Cox Heinquist L., 2011.
ApJ 743 159.[T.4

Heavens A., Panter B., Jimenez R., Dunlop J., 200ture 428 625.C1.T.P

Heidmann J., Heidmann N., de Vaucouleurs G., 19vi2moirs of the Royal Astro-
nomical Society75, 85.[4.4.8

Helou G., Bicay M. D., 1993ApJ 415, 93.[Z11

Helou G., Soifer B. T., Rowan-Robinson M., 198%pJ, 298 L7. ZT1[25b
Helou G., 1986 ApJ 311, L33.[L32[TK

HerMES Collaboratiort al, 2012.MNRAS 424, 1614.[Th

Hickox R. C.et al, 2012.MNRAS 421, 284.[T4

Hill T., Thompson M. A., Burton M. G., Walsh A. J., Minier V.,u&iningham M. R.,
Pierce-Price D., 2006VINRAS 368, 1223.[3 42U 4111

Hill D. T. et al, 2011.MNRAS 412 765.[3 213213, 3.2

Ho P. T. P.,, Moran J. M., Lo K. Y., 2004ApJ 616, L1.[T.4
Holland W. S.et al,, 1999.MNRAS 303 659.[T.#

Hollenbach D. J., Tielens A. G. G. M., 199ARA&A 35, 179.[41

Holwerda B. W., Keel W. C., Williams B., Dalcanton J. J., dadd. S., 2009 AJ,
137,3000.351

Hopkins A. M., Connolly A. J., Haarsma D. B., Cram L. E., 20@0, 122, 288.[T.#

Hopkins P. F., Younger J. D., Hayward C. C., Narayanan D.ngst L., 2010.
MNRAS 402 1693.[351



Bibliography 243

Houck J. R., Schneider D. P., Danielson G. E., Neugebau&d#er B. T., Beichman
C. A, Lonsdale C. J., 198%\pJ Letters290 L5. [L32[TH

Hoyle F., Tayler R. J., 196MNaturg 203 1108.[T.TI

Hu W., 1999.ApJ 522 L21.[342

Huang J., Glazebrook K., Cowie L. L., Tinney C., 20@%J, 584, 203.[L.6
Hubble E., Humason M. L., 1938pJ 74, 43.[LT1

Hubble E. P., 1925The Observatory8, 139.[T.T1L

Hubble E. P., 1926ApJ, 64, 321.[T_LB

Hubble E., 1929.Proceedings of the National Academy of Sciences of the dUnite
States of Americdl5, 168.[1. 11

Hubble E. P., 1936Realm of the Nebula&ale University Press, New Haven, USA.
13

Hughes D. Het al, 1998.Nature 394, 241.[TA[TK

Huynh M. T., Gawiser E., Marchesini D., Brammer G., GuaitadQ10. ApJ, 723
1110.2ZTP 23515

Huynh M. T., Jackson C. A., Norris R. P., 200%J, 133 1331.[TH[25]1

Hwang H. S., Elbaz D., Lee J. C., Jeong W.-S., Park C., Lee M.&& H. M., 2010a.
A&A, 522 A33.[1.3

Hwang H. Set al, 2010b.MNRAS 409, 75.[34%
Ibar E.et al., 2008.MNRAS 386, 953.[Z_1T.P[Z51F. 2.6

Ibar E., Ivison R. J., Best P. N., Coppin K., Pope A., SmaiDiunlop J. S., 2010.
MNRAS 401, L53.[I.Z2[Z211

Iglesias-Paramo J., Buat V., Donas J., Boselli A., Milligxd 2004. A&A, 419, 109.
L32

Ikeda M., Oka T., Tatematsu K., Sekimoto Y., Yamamoto S., 20 pJS 139, 467.
o |

lono D.et al, 2009.ApJ, 695, 1537 [Z5 N[ 4518 23 A 46, 511.4

Irwin M., 2010. UKIRT Newsletter26, 14.[3.31

Israel F. Pet al, 1984.A&A, 134, 396.[45.B

Issa M. R., MacLaren |., Wolfendale A. W., 1998&A, 236, 237.[4 TN 4515

Ivison R. J., Smail ., Le Borgne J.-F., Blain A. W., KneibRl,-Bezecourt J., Kerr
T. H., Davies J. K., 1998MNRAS 298 583.[T.%



244 Bibliography

Ivison R. J., Smail I., Barger A. J., Kneib J.-P., Blain A. \@wen F. N., Kerr T. H.,
Cowie L. L., 2000.MNRAS 315, 209.[T.%

Ilvison R. J.et al, 2002.MNRAS 337, 1.[1.3
lvison R. Jet al, 2004.ApJS 154, 124.[2Z511
lvison R. J.etal, 2007.ApJ, 660 L77.[LZ2[221R

lvison R. J.et al, 2010a. MNRAS 402 245. [ZT1P[2211 2 2.7, 241 2195]2.6,
517

lvison R. Jet al, 2010b.A&A, 518 L31.[ZT2[Z5H, 216,51.2

James A., Dunne L., Eales S., Edmunds M. G., 200RRAS 335, 753.3 24 4.T]1
Jansen R. A., Franx M., Fabricant D., 20@4pJ 551, 825.[T. 21

Jarosik Netal, 2011.ApJS 192 14.[T1

Jarvis M. Jet al,, 2010.MNRAS 409 92.[2Z. T P[ 2511 29.6,2.6

Jones T. W, Leung C. M., Gould R. J., Stein W. A., 19ApJ, 212 52.[T.3%

Juneau S., Narayanan D. T., Moustakas J., Shirley Y. L.,lBaess R. S., Kennicultt,
Jr. R. C., Vanden Bout P. A., 2008pJ, 707, 1217.[Z1P

Kant I., 1755. Allgemeine Naturgeschichte und Theorie des Himmels, RPariH
Peterson, Konigsberg and Leipzig.T11.1

Karim A. et al, 2011.ApJ 730, 61.[1T.ZP[35]1
Kauffmann G.et al, 2003.MNRAS 341, 33.[T.4[3.ZP
Kauffmann G., Guiderdoni B., White S. D. M., 199INRAS 267, 981.[T.1.P

Keel W. C., Kennicutt R. C., Hummel E., van der Hulst J. M., 39&\J, 90, 708.
13

Kellogg E., Murray S., Giacconi R., Tananbaum T., Gursky }973. ApJ Letters
185 L13.[L11

Kennicutt R. C., Kent S. M., 1983\, 88, 1094.[T.11B

Kennicutt R. Cet al, 2009.ApJ, 703 1672.CLH#

Kennicutt, Jr. R. C., 1989pJ 344, 685.[Z.T1

Kennicutt R. C., 1992ApJ, 388 310.[I.Y

Kennicutt R. C., 19982ARA&A 36, 189.[LY [T TA LI E 7T 35T, 4.5.4

Kennicutt R. C., 1998bApJ 498 541.[T TR 3IKIT 4.0 212 211Z]4.2
Kessler M. Fet al,, 1996.A&A, 315 L27.[1.3



Bibliography 245

Kewley L. J., Geller M. J., Jansen R. A., 2004J, 127, 2002.[T.Z1

Klaas U.et al,, 2001.A&A, 379 823.[T3 4

Kochanek C. Set al, 2001.ApJ, 560 566.[1.6

Kodama Tet al, 2004.MNRAS 350 1005.T. TP

Komatsu Eet al, 2011.ApJS 192 18.[T.11

Komugi S.et al, 2011.PAS] 63, 1139.[451B

Kong X., Charlot S., Brinchmann J., Fall S. M., 200MNRAS 349, 769.[1.3.P
Koribalski B. S.et al,, 2004.AJ, 128 16.[£.3[4.411

Kormendy J., Bender R., 1998\pJ Letters464, L119.[T.T.B

Kormendy J., Bender R., 2012pJS 198 2.[1. 13

Koyama Y., Kodama T., Shimasaku K., Hayashi M., Okamura &aka |., Tokoku
C.,2010.MNRAS 403 1611.[T.21

Kreysa Eetal, 1998. In:Society of Photo-Optical Instrumentation Engineers (SPIE
Conference Serigp. 319, ed. Phillips T. 1.4

Kroupa P., Weidner C., Pflamm-Altenburg J., Thies I., Daingusen J., Marks M.,
Maschberger T., 201%arXiv:1112.3340[.21

Kroupa P., 2001MNRAS 322, 231.ZZ1[Z 211, 23.4
Krumholz M. R., Thompson T. A., 200ApJ, 669, 289.[Z TP
Krumholz M. R., Dekel A., McKee C. F., 2012pJ, 745, 69.[LZ1.P

Kuhlen M., Diemand J., Madau P., Zemp M., 20QRwurnal of Physics Conference
Series 125, 2008.CL TP

Kuno N.et al, 2007.PASJ 59, 117.[4P

Kurczynski P., Gawiser E., 201@J, 139, 1592.[A1

Kurczynski Pet al, 2010.ArXiv:1010.0290[1. 2.2

Lacki B. C., Thompson T. A., 201A\pJ, 717, 196.[Z51[ 2}, 5.7.2
Lacki B. C., Thompson T. A., Quataert E., 201&pJ, 717, 1.[ZT1
Lacy M. et al, 2004.ApJS 154, 166.[Z5.1

Lada C. J., Lombardi M., Alves J. F., 2018pJ, 724, 687.[41.P

Lakicevi€ M., van Loon J. T., Patat F., Staveley-SmithZanardo G., 2011A&A,
532 L8.[131

Landy S. D., Szalay A. S., 1992\pJ 412 64.Z31[Z 31 Al2



246 Bibliography

Lang R. H.et al, 2003.MNRAS 342 738.[Z4.B

Lapi A. et al, 2011.ApJ, 742, 24. 22BN ZAL 510 B

Larson R. B., Tinsley B. M., 1978pJ, 219, 46.[T.1.B

Larson R. B., Tinsley B. M., Caldwell C. N., 1988pJ, 237, 692.[T.T.B
Law K.-H., Gordon K. D., Misselt K. A., 2011ApJ, 738 124.[35}
Lawrence Aet al, 2007.MNRAS 379, 1599.[3.211

Le Floc’h E.et al, 2005.ApJ, 632, 169.[T AT I4, 351

Lee H.-H., Bettens R. P. A., Herbst E., 1996&AS, 119, 111.[4T1

Leeuw L. L., Sansom A. E., Robson E. I., Haas M., Kuno N., 208gJ, 612, 837.
B.1,E.4.383513

Leger A., Puget J. L., 1984A&A, 137, L5.[1.32

Lehmer B. D., Alexander D. M., Bauer F. E., Brandt W. N., GandpA. D., Jenkins
L. P., Ptak A., Roberts T. P., 2018pJ 724, 559.[1.2.P

Lemaitre G., 1931MNRAS91, 483.[1. 1.1

Leroy A. K., Walter F., Brinks E., Bigiel F., de Blok W. J. G.,adore B., Thornley
M. D., 2008.AJ, 136, 2782.[4P

Leroy A. K. et al, 2009.AJ, 137, 4670.[Z TP Z]2
Lewis |. et al, 2002. MNRAS 334, 673.[L. 1B

Lilly S. J., Le Févre O., Hammer F., Crampton D., 1996J, 460, L1. [[.4,[Z5B,
BZ1

Longair M. S., 1994High energy astrophysics: Stars, the Galaxy and the ineédest
medium Cambridge University Press, Cambridge, UK1.1.1

Lonsdale C. Jet al, 2003.PASR 115, 897.[T.%
Lonsdale Persson C. J., Helou G., 198pJ 314 513.[.3P[114, 114
Lupu R. E.et al, 2012.ApJ, 757, 135.[ZZ1

Lutz D., Spoon H. W. W., Rigopoulou D., Moorwood A. F. M., GehR., 1998 ApJ,
505, L103.[I3[ 1K

Lutz D.etal, 2011.A&A, 532 A90.[T.3
Ly C. et al, 2007.ApJ 657, 738.[L.Z1
Machalski J., Godlowski W., 200(A&A, 360, 463.[T. 1P

Madau P., Ferguson H. C., Dickinson M. E., Giavalisco M. j&keC. C., Fruchter
A., 1996. MNRAS 283 1388.[TH 2513 34.1



Bibliography 247

Madau P., Pozzetti L., Dickinson M., 1998pJ, 498 106.[Z5}
Madau P., 1995ApJ 441, 18.[T.2
Magdis G. Eetal, 2011.ApJ, 740, L15.[451

Magnelli B., Elbaz D., Chary R. R., Dickinson M., Le Borgne, Brayer D. T.,
Willmer C. N. A., 2009.A&A, 496, 57.[Z5B[Z519.35.1

Magnelli B.et al,, 2010.A&A, 518 L28.[1.34

Magnelli B.et al, 2012.A&A, 539 A155.[T.3

Magorrian Jet al,, 1998.AJ, 115 2285.[T.1B

Maiolino R. et al,, 2008.A&A, 488 463.L1. 1P
Malmquist K. G., 19221 und Medd. Ser,, 1100, 1.3 [2ZZP
Maloney P., Black J. H., 198&\pJ, 325 389.[ZT1
Mamon G. A., 1992ApJ Letters401, L3. [L.1T.3

Mannucci F., Cresci G., Maiolino R., Marconi A., Gnerucci 2010. MNRAS 408,
2115.[T1RB

Mao R.-Q., Schulz A., Henkel C., Mauersberger R., Muder®inh-V-Trung, 2010.
ApJ, 724, 1336 [Z5 W 216, 5.1.4

Mao M. Y., Huynh M. T., Norris R. P., Dickinson M., Frayer D.,eldu G.,
Monkiewicz J. A., 2011ApJ, 731, 79.ZTP[Z 54, 216

Marks M., Kroupa P., Dabringhausen J., Pawlowski M. S., 200I8RAS 422, 2246.
L23

Marsden Get al, 2009.ApJ, 707, 1729.(31[3.413

Martin D. C.et al, 2007.ApJS 173 342.[3 2P

Masjedi M.et al, 2006.ApJ, 644, 54.[Z31

Matsuura Met al,, 2011.Science333 1258.[1.31[ 3531
Matteucci F., 1994A&A, 288 57.[1. 12

McGaugh S., Bothun G., van der Hulst J. M., Schombert J., 189 Bulletin of the
American Astronomical Society444.[45b

Meurer G. R., Heckman T. M., Calzetti D., 19989pJ 521, 64.[1.3P
Meyer M. J.et al, 2004. MNRAS 350, 1195.[ZZ N[ Z.2]2

Michalowski M. J., Murphy E. J., Hjorth J., Watson D., Gall ©unlop J. S., 2011.
In: Galaxy Evolution: Infrared to Millimeter Wavelength Peespive 387, eds Wang
W., LuJ.,Luo Z., Yang Z., Hua H., Chen £_1.B.1



248 Bibliography

Miley G. K., Neugebauer G., Soifer B. T., 1988pJ Letters293 L11.[L.3%
Milgrom M., 1983.ApJ, 270, 365.CLT1

Miller N. A., Fomalont E. B., Kellermann K. |., Mainieri V., dfman C., Padovani P.,
Rosati P., Tozzi P., 200$pJS 179 114.[ZZ1

Mo H., van den Bosch F., White S., 201Galaxy Formation and EvolutigrCam-
bridge University Press, Cambridge, UR_TI LT 1.CA, 1.8

Moore B., Ghigna S., Governato F., Lake G., Quinn T., Stagdlakzi P., 1999ApJ
Letters 524, L19.[T.T.2

Moran S. M., Ellis R. S., Treu T., Smith G. P., Rich R. M., Smagik007. ApJ 671,
1503.[T.IB

Morgan H. L., Edmunds M. G., 2008ANRAS 343 427.[35.31
Morgan W. W., 1958 PASP 70, 364.[T. 1B
Morrissey Pet al, 2005.ApJ, 619, L7. 321

Moshir M., Kopman G., Conrow T. A. O., 1992IRAS Faint Source Survey, Ex-
planatory supplement version bfrared Processing and Analysis Center, California
Institute of Technology, Pasadena, GA_4.0.2,3.2.2

Murphy E. Jet al, 2006.ApJ 651, L111.[ZT1
Murphy E. Jet al, 2011.ApJ 737, 67.[LZ2[TK

Muzzin A., van Dokkum P., Kriek M., Labbé I., Cury |., Mardigi D., Franx M.,
2010.ApJ 725 742.[2Z5B

Narayanan D., Cox T. J., Shirley Y., Davé R., Hernquist Lalkir C. K., 2008 ApJ,
684, 996.[4. 1P

Narayanan D., Krumholz M. R., Ostriker E. C., Hernquist L012. MNRAS 421,
3127 .[ATN[ATI2

Navarro J. F., White S. D. M., 199MNRAS 267, 401.[T. 1P

Negrello M., Gonzalez-Nuevo J., Magliocchetti M., Mogtiar L., De Zotti G., Tof-
folatti L., Danese L., 2005MNRAS 358 869.[3.4.B

Negrello M., Perrotta F., Gonzalez-Nuevo J., Silva L., dgtiZG., Granato G. L.,
Baccigalupi C., Danese L., 200MNRAS 377, 1557.[3.4.P

Negrello M.et al,, 2010.Science330, 800.[3.4.P[4.2]1
Nelson E. Jet al, 2012.ApJ, 747, L28.[1.21
Neugebauer Get al,, 1984.ApJ Letters278 L1.[1.2
Niklas S., Beck R., 1997A&A, 320, 54.[ZT1



Bibliography 249

Noeske K. Get al, 2007.ApJ, 660, L43.[Z 12
Nordon R.et al, 2012.ApJ, 745, 182.[T}

Nozawa T., Maeda K., Kozasa T., Tanaka M., Nomoto K., Umedabill. ApJ,
736, 45.[T.31

Oguri M. et al,, 2006.AJ, 132, 999.[3.4.P

OjhaR., Stark A. A., Hsieh H. H., Lane A. P., Chamberlin R.Bania T. M., Bolatto
A. D., Jackson J. M., Wright G. A., 200ApJ 548 253.[411

Oliver S. Jet al, 2010a.MNRAS 405, 2279.[Z5M 311 313.1
Oliver S. Jet al, 2010b.A&A, 518 L21.[3.4.3
Omont A.et al,, 2011.A&A, 530, L3. 421

Oort J. H., van de Hulst H. C., 194@ulletin of the Astronomical Institutes of the
Netherlands10, 187.[1.311

Oort J. H., 1932.Bulletin of the Astronomical Institutes of the Netherlangls249.
113

Ostriker J. P., Peebles P. J. E., 192p.J 186, 467.[1. 1.1
Ostriker J. P., Steinhardt P. J., 19%ature 377, 600.[. 11

Padovani P., Miller N., Kellermann K. I., Mainieri V., Ros&, Tozzi P., 2011ApJ,
740, 20.[LZ2

Pannella Met al,, 2009.ApJ 698 L116.[Z5. 5[ 3511
Panter B., Jimenez R., Heavens A. F., Charlot S., 20NRAS 378 1550.[L. TP

Papadopoulos P. P., van der Werf P. P., Xilouris E. M., Isaa& KGao Y., Muhle S.,
2012.MNRAS 426, 2601.[D>

Papadopoulos P. P., Thi W.-F., Viti S., 200%0J, 579, 270.[ZTN[Z.T]1
Papadopoulos P. P., Thi W.-F., Viti S., 200MNRAS 351, 147.[4T1
Papovich Cet al., 2007.ApJ, 668 45.ZT 12712

Paradis D., Bernard J.-P., Mény C., 20@RA, 506, 745.[T 3B 341415, 41.1
Pascale Eet al,, 2009.ApJ, 707, 1740.[L.3B

Pascale Eet al, 2011. MNRAS 415 911.[331[ 3313

Paturel G., Petit C., Prugniel P., Theureau G., Roussed&rduty M., Dubois P.,
Cambrésy L., 2003A&A, 412 45.[Z 2P

Pearson Eet al, 2012.in preparation £2.1
Pedani M., 2003New Astronomy8, 805.[2Z.511



250 Bibliography

Peebles P. J. E., 1982pJ Letters263 L1. [T 1.1
Pelupessy F. |., Papadopoulos P. P., 2098, 707, 954.[ZT1
Penzias A. A., Wilson R. W., 196RpJ 142 419.TTH[TI1

Perez J., Tissera P., Padilla N., Alonso M. S., Lambas D. BG92MNRAS 399,
1157.1 1B

Pérez-Gonzalez P. G., Zamorano J., Gallego J., Aragtaraaica A., Gil de Paz A.,
2003.ApJ 591, 827.[112

Pérez-Gonzalez P. @t al., 2008.ApJ 675 234.[1TTP[ 2513, 215.4
Perlmutter Set al,, 1999.ApJ 517, 565.[. TN T.TI1
Persic M., Rephaeli Y., 2002A&A, 382 843.[L.ZP

Persic M., Rephaeli Y., Braito V., Cappi M., Della Ceca Rartgeschini A., Gruber
D. E., 2004.A&A, 419 849.[T. 2P

Petropoulou V., Vilchez J., Iglesias-Paramo J., 20412], 749, 133.[T.1.B
Pierce C. Met al,, 2010.MNRAS 405, 718.[ZZP[Z.5]1

Pimbblet K. A., Smail I., Kodama T., Couch W. J., Edge A. C.pbaoff A. I.,
O’Hely E., 2002.MNRAS 331, 333.[T. 1B

Pirzkal N.et al,, 2004.ApJS 154, 501.[L.Z1

Planck Collaboratioet al., 2011a.A&A, 536, Al. [L.33

Planck Collaboratioet al, 2011b.A&A, 536, A16.[3.4%

Planck Collaboratioet al., 2011c.A&A, 536, A18.[1.11

Planck Collaboratioet al, 2011d.A&A, 536, A19.[411

Planck Collaboratioet al, 2011e.A&A, 536, A21.[13B[E44, 4711
Planck Collaboratioet al, 2011f. A&A, 536, A24. [1.3B[4.T]1
Planck Collaboratioet al, 2011g.A&A, 536, A25.[L3 B[4 TN
Poglitsch A.et al, 2006. In:36th COSPAR Scientific Assemia¢5.[T.%4
Poglitsch A.et al, 2010.A&A, 518 L2.[T2

Pope A.et al, 2006. MNRAS 370, 1185.[A[2.513

Pope A.et al, 2008.ApJ, 675 1171.Z5N[ 7513

Popescu C. C., Tuffs R. J., Voelk H. J., Pierini D., Madore B2B02.ApJ, 567, 221.
B.1,E.4.383513



Bibliography 251

Popescu C. C., Tuffs R. J., Dopita M. A., Fischera J., KylafiN Madore B. F.,
2011.A&A, 527, 109.35H

Postman M., Geller M. J., 1984pJ 281, 95.[T.138
Pozzi F.etal, 2004.ApJ 609 122.[TTP[35]1
Press W. H., Schechter P., 197pJ, 187, 425.CT. TP
Price R., Duric N., 1992ApJ 401, 81.[ZT1

Puech M., Hammer F., Hopkins P. F., Athanassoula E., FlorefRBidrigues M.,
Wang J. L., Yang Y. B., 2012ApJ 753 128.[T.1P

Puget J.-L., Abergel A., Bernard J.-P., Boulanger F., Bui@. B., Desert F.-X.,
Hartmann D., 1996A&A, 308 L5. [3.4.3

Ranalli P., Comastri A., Setti G., 2008&A, 399, 39.[1.22
Reach W. Tet al,, 1995.ApJ 451, 188.[1.3.B

Reddy N. A., Steidel C. C., 2004ApJ Letters603 L13.[1.Z2
Refregier A., 2003ARA&A 41, 645.[T.T1

Rho J.etal, 2008.ApJ 673 271.[13 13531

Rickard L. J., Harvey P. M., 1984AJ, 89, 1520.[ZT1

Rieke G. H.et al,, 2004.ApJS 154, 25.[Z3P

Rieke G. H., Alonso-Herrero A., Weiner B. J., Pérez-Gdez#®. G., Blaylock M.,
Donley J. L., Marcillac D., 2009ApJ, 692 556.[2.T.11

Rieke G. H., 1978ApJ 226, 550.[T.3%

Riess A. Getal, 1998.AJ, 116, 1009.CLTH[TTI1

Rigby E. E.et al, 2011.MNRAS 415, 2336.[33.8

Roberts M. S., Haynes M. P., 1994RA&A 32, 115.[T.1T.B

Roberts M. S., 1963ARA&A 1, 149.[11B

Roche P. F., Aitken D. K., Smith C. H., Ward M. J., 199MNRAS 248 606.[1.3.%
Rodighiero Get al, 2010a.A&A, 515 A8. B 135311

Rodighiero Get al, 2010b.A&A, 518 L25.[Z55

Rohlfs K., Wilson T. L., 2006. Tools of Radio AstronomySpringer, Heidelberg,
Germany[45]1

Roseboom I. Get al, 2012. MNRAS 419, 2758 [Zb



252 Bibliography

Rovilos E., Georgakakis A., Georgantopoulos |., AfonsoKbgkemoer A. M.,
Mobasher B., Goudis C., 200A&A, 466, 119.[Z.Z.P

Rowan-Robinson M., Crawford J., 1989INRAS 238 523.[T.3.P

Rowan-Robinson Met al,, 2008.MNRAS 386, 697.[3.5.11

Rowan-Robinson M., 20042osmologyOxford University Press, Oxford, UK_T.1.2
Rowlands Ket al, 2012. MNRAS 419, 2545 [T3N[ 3518 430 D

Roychowdhury S., Chengalur J. N., 200MNRAS 423 L127.[ZT12

Rubin V. C., Ford W. K. J., Thonnard N., 1988pJ, 238 471.[T.11

Sadler E. Met al,, 2002. MNRAS 329, 227.[1.1P

Saintonge Aet al, 2011. MNRAS 415, 61.[45.5[ 416

Sajina A., Scott D., Dennefeld M., Dole H., Lacy M., Lagache 2006. MNRAS
369 939.[1.3B

Sakamoto S., Hasegawa T., Hayashi M., Handa T., Oka T., 19955 100 125.
E53

Salpeter E. E., 1955ApJ 121, 161.[25}
Sandage A., 1986A&A, 161, 89.[T 1B
Sanders D. B., Mirabel I. F., 1998RA&A 34, 749.[TA[4 T2

Sanders D. B., Phinney E. S., Neugebauer G., Soifer B. Tihdat K., 1989 ApJ,
347,29.[T3%

Sanders D. B., Mazzarella J. M., Kim D.-C., Surace J. A., 8df. T., 2003. AJ,
126, 1607.[4Z 4212

Santini Pet al, 2010.A&A, 518 L154.[3 531
Sargent M. Tet al,, 2010a.ApJS 186, 341.[ZTP[ 2211, 2756 6. 2.6
Sargent M. Tet al, 2010b.ApJ, 714, L190.(Z T P[22 51416

Saunders W., Rowan-Robinson M., Lawrence A., Efstathigi&@ser N., EllisR. S.,
Frenk C. S., 1990MNRAS 242 318.[3 5.1

Sauty Set al, 2003.A&A, 411, 381.[Z%

Sauvage M., Tuffs R. J., Popescu C. C., 208pace Sci. Rev1 19, 313.[T.3B[5.T15
Savage B. D., Mathis J. S., 1978RA&A 17, 73.[L3H#

Savaglio Set al, 2005.ApJ, 635 260.L.L. TP

Savoy J., Welch G. A., Fich M., 200@\pJ, 706, 21.[31[3513



Bibliography 253

Schaye J., Dalla Vecchia C., 2008 NRAS 383 1210.[ZTh
Schiminovich Det al,, 2007.ApJS 173 315.[32P

Schlegel D. J., Finkbeiner D. P., Davis M., 199§J, 500, 525.[3. 211
Schmidt B. Pet al,, 1998.ApJ 507, 46.[T.TA[T.TI1

Schmidt M., 1959ApJ 129 243.[1. 1B 47112

Schmidt M., 1968ApJ, 151, 393.2[37ZP

Schruba Aet al,, 2011.AJ, 142 37.[41»

Schruba Aet al, 2012.AJ, 143 138.[4.5.5 416

Schweitzer Met al,, 2006.ApJ, 649, 79.[45.B

Scoville N. Z., Sanders D. B., 1987. Imterstellar Processe®. 21, eds Hollenbach
D. J., Thronson, Jr. H. A., D. Reidel Pub. Ca—411.1

Sedgwick Cet al,, 2011.MNRAS 416, 1862.[3 51

Serjeant S., Harrison D., 200BINRAS 356, 192.[3 5. P[5.T13
Serjeant Set al,, 2004.ApJS 154, 118.[ZZP

Serjeant Set al, 2008.MNRAS 386, 1907 [ZZN[ 2311, 3.0, 3.4.3
Serjeant S., Gruppioni C., Oliver S., 200dNRAS 330, 621.[T.TP

Serjeant S., 2010. InAmerican Institute of Physics Conference Serges29, eds
Debattista V. P., Popescu C.[C314.3

Seymour Net al,, 2008. MNRAS 386, 1695.[T.ZP

Seymour N., Huynh M., Dwelly T., Symeonidis M., Hopkins A.,cMardy |. M.,
Page M. J., Rieke G., 2008ANRAS 398, 1573.[ T2 114 2.1.P. 255 V6. 511.2

Seymour N., Symeonidis M., Page M. J., Huynh M., Dwelly T.,Héedy |. M.,
Rieke G., 2010MNRAS 402, 2666.[2.5.B

Silva L., Granato G. L., Bressan A., Danese L., 199¢J, 509 103. [IL.3P2[P[3,
24335301

Siringo G.et al,, 2009.A&A, 497, 945.[Z5.B

Smail I, lvison R. J., Owen F. N., Blain A. W., Kneib J.-P.020 ApJ, 528 612.[T.%
Smail I, lvison R. J., Blain A. W., Kneib J.-P., 200RINRAS 331, 495.[T.%

Smail I., Swinbank A. M., lvison R. J., Ibar E., 20lUNRAS 414, L95.[4.2

Smail ., lvison R. J., Blain A. W., 1997ApJ, 490, L5. 1.2

Smith D. J. Betal, 2011.MNRAS 416, 857.32.1[B



254 Bibliography

Smith D. J. Bet al, 2012a.MNRAS427, 70334 35 {314 35T [0, 4.2.1,

Smith M. W. L.et al, 2012b.ApJ, 748 123.[L.3N[ 351 5.1.5
Smith M. W. L.et al, 2012c.ApJ, 756, 40.[Z5.B

Sobral D., Best P. N., Matsuda Y., Smail I., Geach J. E., QolsM., 2012.MNRAS
420, 1926121

Sodroski T. J., Odegard N., Arendt R. G., Dwek E., Weiland.J Hauser M. G.,
Kelsall T., 1997.ApJ 480, 173.[1.3.B

Soifer B. T.et al, 1984.ApJ Letters283 L1.[1.3.2

Soifer B. T., Sanders D. B., Madore B. F., Neugebauer G., &som G. E., Elias
J. H., Lonsdale C. J., Rice W. L., 198&pJ 320, 238.[T. 1B 1K

Soifer B. T., Boehmer L., Neugebauer G., Sanders D. B., 183898, 766.[4.Z.P
Soifer B. T., Neugebauer G., Houck J. R., 198RA&A 25, 187.[1T.%
Somerville R. S., 2002ApJ Letters572, L23.[L1.2

Springel V.et al,, 2005.Nature 435 629.[T.T.P[ Tl

Springel V.et al,, 2008. MNRAS 391, 1685.1T.T.P

Steidel C. C., Hamilton D., 1993\J, 105, 2017.[T.%

Steidel C. C., Giavalisco M., Pettini M., Dickinson M., Aderger K. L., 1996 ApJ,
462 L17.[1.3

Steinmetz M., Navarro J. F., 200Rew Astronomy7, 155.[T.T.P

Stern D.et al, 2005.ApJ, 631, 163.[Z51

Stetson P. B., 1987/ PASR 99, 191.[331

Stevens J. A., Amure M., Gear W. K., 2008NRAS 357, 361.[31[3.5]3
Stickel M., Klaas U., Lemke D., 200A&A, 466, 831.CL3N[ 3L 353
Strateva let al, 2001.AJ, 122 1861.[32P

Stromgren B., 1939ApJ, 89, 526.[T.Z11

Sullivan M., Mobasher B., Chan B., Cram L., Ellis R., Treyer, Mopkins A., 2001.
ApJ 558 72.[1T.12

Symeonidis M., Page M. J., Seymour N., Dwelly T., Coppin KgH4rdy I., Rieke
G. H., Huynh M., 2009MNRAS 397, 1728 .[T.4[Z.5]3

Symeonidis Met al, 2011.MNRAS 417, 2239.[T.ZP
Tacconi L. Jet al, 2010.Nature 463 781.[4.2



Bibliography 255

Takagi T.et al, 2007.MNRAS 381, 1154.[ZZP[ 311

Taylor E. N.et al, 2011.MNRAS 418 1587.[321[11, 3.48.7. 35B.1
Tegmark M.et al, 2004.ApJ, 606, 702.LCT.T1

Temi P., Brighenti F., Mathews W. G., 2008pJ, 707, 890.[31

Temi P., Brighenti F., Mathews W. G., Bregman J. D., 2084JS 151, 237.[35.B

Temim T., Sonneborn G., Dwek E., Arendt R. G., Gehrz R. Dn&R, Roellig T. L.,
2012.ApJ 753 72.[1.31

Thomas D., Maraston C., Bender R., Mendes de Oliveira C.520(@J 621, 673.
L12

Thompson T. A., Quataert E., Waxman E., Murray N., Martin C.2006.ApJ, 645
186.[2ZT1[Z]6

Tielens A. G. G. M., Allamandola L. J., 1987a. INATO ASIC Proc. 210: Physical
Processes in Interstellar Clougdg. 333, eds Morfill G. E., Scholer NL_L.B.1

Tielens A. G. G. M., Allamandola L. J., 1987b. Imterstellar Processe®. 397, eds
Hollenbach D. J., Thronson, Jr. H. K_T1.3

Tojeiro R., Percival W. J., Heavens A. F., Jimenez R., 20M8RAS 413 434.[35H%
Tonnesen S., Cen R., 201”INRAS 425, 2313118

Toomre A., 1977. InEvolution of Galaxies and Stellar Populatig@®1, eds Tinsley
B. M., Larson, D. Campbell R. B. G., Yale University Obseorgt New Haven, CT.
CI2[TTP 4TI

Totani T., Takeuchi T. T., Nagashima M., Kobayashi M. A. RalkWa R., 2011.
PASJ] 63, 1181.[TH 4513 5.5

Tremonti C. A.et al, 2004.ApJ, 613 898.[1. 1B

Tresse L., Maddox S. J., 1998pJ 495, 691.[T.TP

Tresse L., Maddox S., Loveday J., Singleton C., 1948lRAS 310 262.[3Z.P
Tresse L., Maddox S. J., Le Févre O., Cuby J., 200RIRAS 337, 369.[1. 1P
Treu T., 2010 ARA&A 48, 87.[42.1

Treyer M. A., Ellis R. S., Milliard B., Donas J., Bridges T, 1998. MNRAS 300,
303.112

Trumpler R. J., 1930Lick Observatory Bulletinl4, 154.[T.31
Tuffs R. J.etal, 2002.ApJS 139, 37.[31

Tully R. B., Fisher J. R., 1977A&A, 54, 661.[1.1B



256 Bibliography

van de Hulst H. C., 1946Recherches Astronomiques de I'Observatoire d’Utrecht
11,2.[132

van den Bergh S., 197&pJ 206, 883.[1.1.B
van der Kruit P. C., 1973A&A, 29, 263.[LZP[ 2111
van Dokkum P. G., Conroy C., 20108lature 468 940.[T.Z1

Vega O., Clemens M. S., Bressan A., Granato G. L., Silva LnuRzo P., 2008A&A,
484, 631.[4[Z.41B

Veilleux S., Osterbrock D. E., 198ApJS 63, 295.[T.Z1

Vergani D., Pizzella A., Corsini E. M., van Driel W., Buson M., Dettmar R.-J.,
Bertola F., 2007A&A, 463 883.[D

Viero M. P.et al, 2012.MNRAS 421, 2161.[31

Virani S. N., Treister E., Urry C. M., Gawiser E., 2008J, 131, 2373. 22N Z5]1
Vlahakis C., Dunne L., Eales S., 2009NRAS 364, 1253.[T.31[ 311, 39.8.41.3
Vlahakis C., Eales S., Dunne L., 200MNRAS 379, 1042.[ 211

Voelk H. J., 1989 A&A, 218 67.[ZT1

Wagoner R. V., Fowler W. A., Hoyle F., 196ApJ 148 3.[1.11

Wall J. V., Jackson C. A., Shaver P. A., Hook |. M., Kellermdfanl., 2005. A&A,
434 133.(Z51

Walter F., Brinks E., de Blok W. J. G., Bigiel F., Kennicutt ., Thornley M. D.,
Leroy A., 2008.AJ, 136, 2563.[4.4B

Walterbos R. A. M., Greenawalt B., 1998pJ, 460, 696.[T #4513
Walterbos R. A. M., Schwering P. B. W., 198%&A, 180, 27.[45.8
Webb T. M. A.et al,, 2006.ApJ, 636, L17.[ZT1

Werner M. W.et al,, 2004.ApJS 154, 1.[1.3

White S. D. M., Frenk C. S., 1998pJ 379 52.[1T. 12

White S. D. M., Rees M. J., 1978INRAS 183 341.T.T.P[T.T13

White R. L., Helfand D. J., Becker R. H., Glikman E., de Vries YA007.ApJ 654,
99.222[22]1, 332

Whittet D., 2003. Dust in the Galactic EnvironmentOP Publishing, Bristol, UK.
L33 3B 1313, 136,183, 113.4

Wijesinghe D. Bet al, 2011.MNRAS 415 1002 35U 3514



Bibliography 257

Williams R. J., Quadri R. F., Franx M., van Dokkum P., Labb&D09. ApJ 691,
1879.ZZN[3.215

Wilson G., Cowie L. L., Barger A. J., Burke D. J., 200R], 124, 1258 [T.1P
Wilson C. D.et al,, 2009.ApJ, 693 1736.[ZTH 2211 Z43.3

Wilson C. D.et al, 2012. MNRAS 424, 3050.[ZTH 4511, 438 45.4
Wilson C. D., 1995ApJL, 448 L97.[4ZT11

Wilson C. D., 1997 ApJL, 487, L49.[411

Wolf C. et al, 2004.A&A, 421, 913.[ZZ21

Wong O. l.et al,, 2006. MNRAS 371, 1855.[4. 411

Worthey G., Faber S. M., Gonzalez J. J., 198pJ 398 69.[T.T.2

Wright T., 1750.An Original Theory or New Hypothesis of the Univel@el.1l
Wyder T. K.et al,, 2007.ApJS 173 293.[3.ZP[3212,3.3.2

Xu C., Helou G., 1994ApJ 426, 109.[Z5.B

Yamamura let al,, 2009. In:American Institute of Physics Conference Seped 69,
eds Usuda T., Tamura M., Ishii NL_Z2.2

Yao L., Seaquist E. R., Kuno N., Dunne L., 2008pJ, 588 771.[41B[Z4.2]11 4.4,
BES51[45W 4515, 46.51.4

YiS. K. etal, 2005.ApJ 619, L111.[32ZP[ 3211 33.2

Young J. S., Scoville N. Z., 199 ARA&A 29, 581.[4 11

Young L. M., Bendo G. J., Lucero D. M., 2008, 137, 3053.[Z.T1
Young J. Set al, 1995.ApJS 98, 219.[4 %

Younger J. Det al, 2009. MNRAS 394, 1685.2.b

Yun M. S., Reddy N. A., Condon J. J., 2004pJ, 554, 803.[ZTN[Z]1
Zehavi l.et al, 2011.ApJ 736, 59.[ZZ1[ADP

Zheng X. Z., Bell E. F., Rix H.-W., Papovich C., Le Floc’h E.ieRe G. H., Pérez-
Gonzalez P. G., 2006\pJ, 640, 784.3

Zhu G.etal, 2011.ApJ 726, 110.35H
Zwicky F., 1933.Helvetica Physica Acté, 110.[T T



"Twas in an ancient galaxy

Light from a star new born

But ere it had escaped to see
Our telescopes forlorn

A molecule of dust, a mote
Of obfuscating smoke
Belaid this ray while yet remote
Mere light-years since invoked

But wait, the villain we can see
Thanks Herschel, Spitzer, Maxwell: Lo!
And launching lofty galleries

To infrared we go!

— Nathan Bourne
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