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The role of obscured activity in galaxy formation

Julie Louise Wardlow

Abstract

In this thesis I investigate the formation and evolution of the galaxies that eventually

form the colour-magnitude relation (CMR) in local galaxy clusters.

I survey galaxies that lie on the CMR in nine massive clusters at z ∼ 0.2, environments

in which the build-up of the faint end of the CMR is still underway. I show that there

are relatively few dwarf galaxies on the CMR in the outer, low-density regions of clusters,

but that their fraction increases towards higher-density regions as the cluster environment

transforms infalling, blue, star-forming galaxies into red, passive, CMR galaxies. However,

in the highest density regions, at the very centres of clusters the relative fraction of dwarf

galaxies on the CMR is suppressed, evidence that, dwarf galaxies in the highest density

regions at z ∼ 0.2 are dynamically disrupted.

I then use 1.1-mm observations of a massive cluster at z ∼ 0.54 to search for active,

star-forming cluster galaxies, which would transform into CMR galaxies at lower redshifts

as the star-formation terminates. I detect 36 sources in observations of 0.1 deg2 of the

cluster centre and identify counterparts to ∼ 50% of these submillimetre galaxies (SMGs)

using radio, 24-µm and IRAC data. Photometric redshifts suggest that at most two of

the SMGs are potential cluster members. If this is the case they each have far-infrared

luminosities of ∼ 5 × 1011 L� and star-formation rates (SFRs) of ∼ 50 M�yr−1 – a

significant fraction of the combined SFR of the cluster.

I next consider 126 SMGs detected in an 870-µm survey of the Extended Chandra

Deep Field South (ECDFS). I derive a photometric redshift distribution of 74 robust

radio, 24-µm and IRAC-identified counterparts that peaks at z = 2.2. An analysis of

sources within the positional error circles of unidentified SMGs identifies a population

of likely counterparts with a redshift distribution that peaks at z = 2.5 ± 0.3 and likely

comprises ∼ 60% of the unidentified SMGs. The remainder are not detected in our IRAC

imaging and likely lie at z & 3. In total, I find that ∼ 30% of all SMGs are at z & 3,

and the median redshift of all S870µm > 4 mJy SMGs is z = 2.5 ± 0.6. The contribution

of SMGs to the global SFRD also peaks at z ∼ 2 and SMGs with S870µm & 4 mJy and

S870µm & 1 mJy provide ∼ 5% and ∼ 50% of the global total at z ∼ 2, respectively.



Analysis of the projected real-space cross-correlation function of SMGs at z = 1–3

with IRAC-selected galaxies shows that SMGs are strongly clustered and reside in dark-

matter halos of mass (6+12
−5 )× 1012 M�. This halo mass is comparable to that of quasars

and the mass at which major mergers are most efficient at triggering starburst activity.

I conclude that SMGs at z ∼ 2 have star-formation rates, stellar masses and clustering

properties that suggests that they are the likely progenitors of the massive CMR galaxies

that dominate local clusters.
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Chapter 1

Introduction

The Universe contains a plethora of galaxies of different colours, shapes, masses and

star-formation activity. Astronomers have been classifying galaxies for many years, even

before they were definitively shown to be “island universes” outside of our own Milky

Way (Hubble 1929). Perhaps the most widely used scheme is based on that devised by

Hubble (1926), commonly known as the “tuning fork” in which galaxies are classified as

elliptical (early-type), spiral (late-type) or irregular galaxies (Fig. 1.1). We now know

that there is much more variety in the Universe, and that galaxies of different types are

not randomly distributed on the sky or in redshift space.

The reasons for many of the biases in the distributions of different types of galaxies

are not well understood. In this thesis I use photometric observations of galaxy clusters

and active star-forming galaxies to investigate the processes of galaxy evolution and the

build-up of the populations of red, passive galaxies that are typically found in massive

clusters at z ∼ 0.

1.1 Galaxy clusters

The distribution of galaxies on the sky is not random and many regions are overdense,

containing groups or clusters of galaxies. Galaxy clusters are massive, gravitationally-

bound objects, which each contain large number of individual galaxies, hot intracluster

gas, intracluster light and dark matter. Inflation and hierarchical structure formation

theory suggests that galaxy clusters began as overdense primordial fluctuations in the

early Universe, growing and accreting matter throughout cosmic history to become the

massive structures we observe today.

The galaxy populations of local massive clusters are highly biased compared to the

1



1. Introduction 2

Figure 1.1: The traditional “tuning fork” diagram of galaxy classification (Hubble 1926),

whereby galaxies are classed as elliptical (early-type), spiral (late-type) or irregular galax-

ies. Figure from Sandage et al. (1975).

field: galaxies in local clusters are typically passive early-types (see Fig. 1.2), yet the

local field population hosts a significant fraction of late-type galaxies. This trend is

described by the Morphology-Density relation (Dressler 1980) and is characterised by an

increasing fraction of elliptical galaxies in regions of increasing local galaxy density (e.g.

Oemler 1974; Dressler 1980). The passive early-type galaxies in local clusters are observed

to have little scatter in their rest-frame colours, and define a tight colour-magnitude

relation (CMR or “red-sequence”; Visvanathan & Sandage 1977; Bower et al. 1992). CMR

galaxies in different clusters have very little scatter in their rest-frame UV-optical colours,

indicative of a homogeneous population, and suggesting that the CMR consists of evolved

galaxies with little ongoing star-formation (Ellis et al. 1997). Observations show that the

Morphology-Density relation is caused by decreasing numbers of star-forming galaxies in

the high-density regions of local clusters, and that the form of the red-sequence does not

vary significantly as a function of local density (e.g. Pimbblet et al. 2002; Baldry et al.

2006).

It has also been shown that the giant elliptical population in that dominates local

cluster cores has been in place since at least z ∼ 0.6 (Ellis et al. 1997), and possibly

prior to z ∼ 1 (Faber et al. 1997; Lubin et al. 1998), implying that they formed at high-

redshifts. These elliptical galaxies are stable and have only undergone passive evolution

in the recent past (van Dokkum & Franx 1996; Ellis et al. 1997; Barger et al. 1998). In
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Figure 1.2: Hubble Space Telescope colour image of the galaxy cluster Abell 1689 showing

the overdensity of red, early-type galaxies. Image credit and acknowledgements: NASA,

ESA, E. Jullo (Jet Propulsion Laboratory), P. Natarajan (Yale University), and J.-P.

Kneib (Laboratoire d’Astrophysique de Marseille, CNRS, France), H. Ford and N. Benitez

(Johns Hopkins University), and T. Broadhurst (Tel Aviv University)
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contrast S0 galaxies are rare in distant clusters (z & 0.5; Dressler et al. 1997), indicating

that the formation or transformation of S0 galaxies onto the CMR takes place at later

times than the buildup of the elliptical galaxy population in clusters. There are also

claims of an increasing deficit of faint CMR galaxies in clusters out to z ∼ 1 (e.g. Dressler

et al. 1997; Smail et al. 1998; De Lucia et al. 2004; Stott et al. 2007; Holden et al. 2009),

suggesting that dwarf galaxies form at later times than giants (Tanaka et al. 2005) and

that they move onto the CMR later than the cluster giants.

There is also evolution in the populations of blue, star-forming galaxies in clusters,

with an increasing level of star-formation activity and an increasing fraction of blue, star-

forming galaxies in clusters at increasing redshifts, at least out to z ∼ 1 (e.g Butcher

& Oemler 1984). At high redshifts clusters are thought to accrete (typically blue star-

forming) field galaxies as they grow via gravitational collapse. It has been suggested that

these newly-accreted galaxies transform into passive populations with time (e.g. Smail

et al. 1997) and build-up the faint end of the CMR. Thus, it appears that environmental

processes in clusters transform infalling blue star-forming galaxies at high-redshifts into

passive early-type galaxies the lie on the CMR at low-redshifts. Candidates for such

processes include ram pressure stripping (Gunn & Gott 1972), strangulation (Larson

et al. 1980), and galaxy-galaxy or galaxy-cluster interactions (Moore et al. 1996).

Studies also suggest that there are additional environmental processes at work in

the central regions of local clusters. These central regions contain fewer dwarf galaxies

than expected and the galaxies appear smaller than equivalent populations in the cluster

outskirts (e.g. Lobo et al. 1997; Cypriano et al. 2006). Numerous low-surface-brightness

tidal tails are also observed in the central regions of local clusters (Gregg & West 1998).

Thus, it appears that the galaxies in the central regions of local clusters are disturbed

by gravitational interactions, causing visible tidal tails, mass loss and reduction in the

number of detectable low-luminosity galaxies. It has long been known that the centres

of clusters contain a diffuse component of intracluster light (Zwicky 1951; Oemler 1976),

which is composed of stars, supernovae and planetary nebulae (e.g. Arnaboldi et al. 1996;

Theuns & Warren 1997; Gal-Yam et al. 2003) and it follows that galaxies in the central

regions of local clusters are gravitationally disrupted and stripped of material that then

contributes to the intracluster light. It is currently unknown whether galaxies in clusters

at higher redshift are subject to the same destructive forces, but the existence of the

intracluster light is well documented in z > 0 clusters.
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Figure 1.3: Example of the negative K-correction at submillimetre and millimetre wave-

lengths. We show the SED of Arp 220 (Silva et al. 1998) redshifted from z = 0.1 to z = 8,

and highlight 850 µm with a vertical line. At z ∼ 1–8 cosmological dimming is approxi-

mately negated by the redshifting of the SED due to the far-infrared dust peak, such that

the observed flux at submillimetre wavelengths is approximately constant. However, we

note that observations at radio wavelengths do not benefit from the negative K-correction,

so the highest redshift SMGs may be amongst the faintest at radio wavelengths, making

them difficult to identify.

1.2 Submillimetre galaxies

Thanks to the shape of the spectral energy distribution (SED) of rest-frame far-infrared

dust emission, observations at submillimetre and millimetre wavelengths benefit from

the negative K-correction (Blain & Longair 1993). The negative K-correction results

in an almost constant apparent flux for sources with a fixed luminosity at z ∼ 1–8

(Fig. 1.3). As such, surveys at submillimetre and millimetre wavelengths are able to

efficiently select dusty active galaxies at high redshifts.

Since the first extragalactic submillimetre surveys 13 years ago detected a population
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of dusty active sources (Smail et al. 1997; Barger et al. 1998), a series of ever larger surveys

has exploited the negative K-correction at submillimetre and millimetre wavelengths to

identify a population of sources with a surprisingly high surface density to mJy-flux limits

(e.g. Smail et al. 1997; Barger et al. 1998; Hughes et al. 1998; Blain et al. 1999; Eales

et al. 1999; Bertoldi et al. 2000, 2007; Coppin et al. 2006; Knudsen et al. 2008; Weiß et al.

2009; Austermann et al. 2010). These so-called submillimetre galaxies (SMGs) appear to

lie at cosmological redshifts (z & 1; e.g. Chapman et al. 2005), implying that they have

far-infrared luminosities exceeding 1012L� and are therefore classed as Ultraluminous

infrared galaxies (ULIRGs; Sanders & Mirabel 1996). The significant far-infrared lumi-

nosities of SMGs are typically powered by star-formation and not AGN (e.g. Alexander

et al. 2005; Pope et al. 2008; Hill & Shanks 2010), suggesting that they have star-formation

rates (SFRs) of & 1000 M�yr−1, and are undergoing massive starbursts. The high surface

density of SMGs suggests a strong evolution of the population: ∝ (1 + z)4 (Smail et al.

1997; Blain et al. 1999), and therefore of starburst galaxies, indicating that a significant

fraction of massive star-formation may be taking place in these galaxies – as such making

them a good candidate for the progenitors of local massive cluster galaxies. The redshifts

of SMGs are required to be able to reliably quantify the evolution, understand the phys-

ical processes that drive it and establish whether the density and clustering of SMGs is

consistent with them being cluster progenitors.

SMGs are notoriously difficult to study in detail, and it has proved challenging to iden-

tify optical and near-infrared counterparts which can be used to measure spectroscopic

or photometric redshifts. This is because single-disk submillimetre telescopes typically

have beams of ∼ 15′′, which is too large to directly pinpoint the optical or near-infrared

counterparts. In addition, the sensitivity of the current generation of submillimetre in-

terferometers is such that the exposure times required means that they are unsuitable for

identifying large numbers of SMGs. Finally, SMGs are typically optically faint due to dust

obscuration and their typically high-redshifts. This makes identifying SMG counterparts

for multiwavelength follow-up observations challenging.

The observed submillimetre and millimetre emission from SMGs corresponds to the

rest-frame far-infrared emission, so the far-infrared-radio correlation (Helou et al. 1985;

Condon 1992; Garrett 2002) and the relatively low spatial density of radio sources can

be exploited to identify SMG counterparts (e.g. Ivison et al. 2002, 2005, 2007; Chapin

et al. 2009). The dust emission that causes the high far-infrared luminosities in SMGs

also means that they are typically bright at mid-infrared wavelengths. Therefore, 24-µm
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sources, which also have relatively low spatial density, can also be used to identify SMG

counterparts (e.g. Ivison et al. 2004; Pope et al. 2006; Ivison et al. 2007; Chapin et al.

2009). The reliability of radio and mid-infrared potential counterparts is typically calcu-

lated using the corrected Poissonian probability (p; Downes et al. 1986) – the probability

that potential counterparts lie within the vicinity of the submillimetre source by chance.

The calculation takes into account the separation between the submillimetre centroid and

the radio (or 24-µm) position, the density of radio (or 24-µm) sources, and the flux of

the proposed counterpart. Typically only identifications with p 6 5% or p 6 10% are

considered to be related to the SMG emission, yielding reliable counterparts to 60–80% of

SMGs. Thus, excluding a handful of sources identified using submillimetre interferometry,

only the 60–80% of SMGs with radio or mid-infrared counterparts have been studied in

detail.

The optical faintness of SMGs makes measurement of their spectroscopic redshift

distribution difficult and time-intensive (e.g. Barger et al. 1999; Chapman et al. 2003a,

2005), so photometric techniques based on the optical/near-infrared or far-infrared/radio

SEDs are often employed to estimate SMG redshifts (e.g. Carilli & Yun 1999; Smail

et al. 2000; Ivison et al. 2004; Pope et al. 2005, 2006; Ivison et al. 2007; Aretxaga et al.

2007; Clements et al. 2008; Dye et al. 2008; Biggs et al. 2010). The 60–80% of SMGs

with reliable counterparts have a redshift distribution that peaks at z ∼ 2.2 (Chapman

et al. 2005), although there is significant variation between different studies (see e.g.

Chapman et al. 2005; Clements et al. 2008; Dye et al. 2008), which may be partially due

to the different levels of incompleteness and selection biases in the different studies. The

infrared luminosity functions of SMGs with identified counterparts confirms the inferred

evolution of the population, with SMGs at z = 2–3 have typically higher luminosities

and luminosity density that those at z = 1–2. Similarly, the star-formation rate density

(SFRD) of SMGs appears to peak at z ∼ 2. However, the concern is that the 20–40% of

SMGs that are unidentified could include the highest-redshift members of the population

(see Fig. 1.3) and thus the derived evolution may be biased.

Optical and near-infrared SED fitting can provide estimates of the stellar masses of

SMGs. Analysis of this kind suggests that SMGs have stellar masses of & 7 × 1010 M�

(e.g. Borys et al. 2005; Dye et al. 2008; Hainline et al. 2010), although there are significant

differences between studies, which is likely to be due to a combination of sample bias and

systematic errors. Despite the differences between the different works the consensus is that

SMGs have large stellar masses, which potentially could evolve into cluster red-sequence
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galaxies. The claim that SMGs are massive is supported by observed dynamical masses

of ∼ 5×1010 M� from integral-field spectroscopy (Swinbank et al. 2006), and ∼ 1011 M�

from observations of CO emission lines, which also yields gas masses of ∼ 3 × 1010 M�

(e.g. Genzel et al. 2003; Greve et al. 2005).

In addition to being massive galaxies the progenitor population of low-redshift cluster

CMR galaxies are expected to be strongly clustered, and reside in massive dark-matter

halos. Unfortunately, the typically small samples of SMGs, which often do not have

redshift information has hampered efforts to measure SMG clustering. Several authors

(e.g. Webb et al. 2003; Blain et al. 2004; Scott et al. 2006; Serjeant et al. 2008; Weiß

et al. 2009) find tentative evidence that SMGs are not randomly distributed in the sky

and are likely to be strongly clustered. Blain et al. (2004) did manage to detect the

clustering of a sample of SMGs with redshift information, and derived a correlation length

of r0 = 6.9 ± 2.1h−1M�, corresponding to a dark-matter halo mass of ∼ 3 × 1012 M� at

z = 2. We also note that Cooray et al. (2010) recently investigated the angular correlation

function of Herschel sources selected at 250-µm and with far-infrared colours similar to

those expected of “classic” ∼ 850-µm selected z ∼ 2 SMGs, and calculated that they

reside in dark matter halos of mass > (5 ± 4) × 1012 M�.

It is also now widely accepted that all galaxies contain a supermassive black hole

(SMBH) in their centre; locally, the SMBH mass is observed to follow a well-defined

relationship with the mass of the bulge (Magorrian et al. 1998; Gebhardt et al. 2000).

Therefore, if SMGs are the progenitors of local elliptical galaxies it could be expected

that the build-up of stellar mass is associated with co-eval or subsequent growth of the

SMBH – observed as an AGN. Although the bolometric and far-infrared luminosities of

SMGs are typically dominated by star-formation emission (e.g. Alexander et al. 2005;

Pope et al. 2008), up to ∼ 40% of SMGs are also found to contain AGN signatures (e.g.

Alexander et al. 2005; Takata et al. 2006; Pope et al. 2008; Coppin et al. 2009; Hainline

et al. 2010). However, due to the requirements for radio or 24-µm counterparts, and often

spectroscopic redshifts, many surveys for AGN in SMGs are subject to significant selection

biases, which makes it difficult to accurately constrain the AGN fraction in SMGs and

thus investigate the evolution of the SMBHs in SMGs.

It has been postulated that SMGs and QSOs are closely related and are part of the

same evolutionary sequence (Fig. 1.4; e.g. Sanders et al. 1988a,b; Hopkins et al. 2008a,b;

Hickox et al. 2009). In this theory gas-rich galaxies form in the high-redshift Universe

and slowly grow through cold-gas accretion or minor mergers. If two massive gas-rich
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Figure 1.4: Schematic illustration of the proposed evolutionary sequence of SMGs and

QSOs. When galaxies in the massive halos at high redshifts undergo major mergers

(or are otherwise destabilised) a burst of dusty star-formation is triggered, which is ob-

served as a SMG. The starburst is followed by (or perhaps concurrent with) a QSO

phase, which becomes visible as the obscuring dust is blown off (or dissipates). At

the end of the SMG and QSO activity the resulting galaxy fades to become a mas-

sive, passive early-type galaxy. Figure from Hopkins et al. (2008b). Image credits: (a)

NOAO/AURA/NSF; (b) REU program/NOAO/AURA/NSF; (c) NASA/STScI/ACS Sci-

ence Team; (d) Optical (left): NASA/STScI/R. P. van der Marel & J. Gerssen; X-ray

(right): NASA/CXC/MPE/S. Komossa et al.; (e) Left: J. Bahcall/M. Disney/NASA;

Right: Gemini Observatory/NSF/University of Hawaii Institute for Astronomy; (f) J.

Bahcall/M. Disney/NASA; (g) F. Schweizer (CIW/DTM); (h) NOAO/AURA/NSF.



1. Introduction 10

galaxies merge, a dusty starburst is triggered (ULIRG) and observed as a SMG. The

same event also causes gas to be accreted onto the SMBH and black-hole growth to take

place. As the gas and dust from the starburst are blown-off (or dissipate) we observe a

QSO. It is currently unclear whether the black-hole and stellar mass growth phases coexist

and dust prevents observations of the QSO, or whether the QSO phase only begins at

the end of the star-burst phase. Eventually, all activity ceases and the merger remnant

passively evolves into a massive early-type galaxy. The peak era of star-formation activity

in SMGs is at z ∼ 2, corresponding to the era of peak QSO activity, which also occurs at

z ∼ 2 (Hopkins et al. 2007). In addition, QSOs appear to reside in dark-matter halos of

mass ∼ 3 × 1012 M� (e.g. Croom et al. 2005; Ross et al. 2009), in agreement with early

estimates of the dark-matter halo masses of SMGs. These observations add credence to

the idea that the evolution of SMGs and QSOs are related, although definitive evidence

is currently lacking.

1.3 Outline of this thesis

In Chapter 2 we begin our investigation into galaxy evolution by considering the CMR

population in clusters at z ∼ 0.2. We use photometry to isolate red-sequence galaxies

and study the build-up of the CMR in with clustercentric radius and local galaxy density.

We next search for potential progenitors of a fraction of these CMR dwarf galaxies using

1.1-mm observations to identify potential LIRGs in a cluster at z = 0.54 (Chapter 3).

We then calculate and extensively test optical/near-infrared photometric redshifts of

SMGs detected in an 870-µm survey of the ECDFS in Chapter 4, and in Chapters 5 and 6

we use these photometric redshifts to investigate whether SMGs could be the progenitor

population of local CMR cluster galaxies. Chapter 5 focuses on the redshift distribu-

tion, infrared luminosity function and star-formation evolution of SMGs and finally, in

Chapter 6, we consider the clustering of SMGs, and their stellar and dark-matter halo

masses.



Chapter 2

The effect of environment on the

galaxy populations in rich clusters

at z ∼ 0.2

2.1 Introduction

Galaxy clusters are highly biased environments in which galaxies potentially evolve more

rapidly than in the field. The galaxy populations of local massive clusters contain mainly

passive early-type galaxies which define a colour-magnitude relation (CMR; or “red-

sequence”; e.g. Visvanathan & Sandage 1977; Bower et al. 1992). However, studies of

clusters out to z ∼ 1 suggest that they contain increasing star-formation activity at

higher redshifts associated with a growing fraction of blue, star-forming galaxies (e.g.

Butcher & Oemler 1984). Over the same redshift range there have been claims of a grow-

ing deficit in the CMR population at faint magnitudes, as well as a claimed decline in the

numbers of S0 galaxies, in the sense that there are fewer faint red galaxies on the CMR

as well as fewer S0 galaxies in clusters at higher redshifts (Dressler et al. 1997). It has

been suggested that the blue, star-forming galaxies, accreted from the surrounding field,

may be transforming into these passive populations with time (e.g. Smail et al. 1998).

Evidence also suggests that the fraction of dwarf galaxies in clusters (as measured by the

dwarf-to-giant ratio or M ∗) on the CMR increases with decreasing redshift. Since the

giant population was established by at least z ∼ 0.5 (Ellis et al. 1997) this implies that

increasing numbers of dwarf galaxies are transformed into red-sequence galaxies at low

redshifts (De Lucia et al. 2007; Stott et al. 2007; Holden et al. 2009, although see Andreon

11
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et al. 2006). Thus, it appears that environmental processes (e.g. ram pressure stripping,

Gunn & Gott 1972; strangulation, Larson et al. 1980; galaxy-galaxy or galaxy-cluster

interactions, Moore et al. 1996) in clusters transform infalling star-forming field galaxies

into passive early-type galaxies lying on the CMR.

Furthermore, studies of local clusters suggest that there are additional changes hap-

pening in the properties of galaxies in the highest density regions. Cypriano et al. (2006)

showed that the bright elliptical galaxies in the regions of highest galaxy density in clus-

ters at z = 0.015–0.08 are ∼ 5% smaller than those of equivalent brightness in lower

density regimes, indicative of loss of stellar mass from galaxies in cluster centres. The

faint-end slope of the luminosity function in local clusters is also found to be suppressed

in the highest density domains (e.g. Lobo et al. 1997). This suggests that there are fewer

faint galaxies in these high density regions of clusters than in areas of lower galaxy den-

sity. Additionally, numerous low-surface-brightness tidal tails are present in the same

high-density regions of local galaxy clusters (e.g. Gregg & West 1998). Thus, at least lo-

cally, it appears that the galaxies in the centres of clusters are disturbed by gravitational

interactions, causing visible tidal tails, mass loss, and a reduction in the number of low-

luminosity galaxies. Indeed, the central regions of galaxy clusters have long been known

to contain a diffuse component of intracluster light (Zwicky 1951; Oemler 1976),which

consists of stars, supernovae, and planetary nebula (e.g. Arnaboldi et al. 1996; Theuns &

Warren 1997; Gal-Yam et al. 2003). It follows that locally the intracluster light is most

likely formed from material lost from galaxies in the highest density regions of clusters.

Current technology limits detailed study of the intracluster light at higher redshifts

and to date there have been few studies into the evolution of cluster galaxies across

a wide range of environments at z & 0.1. Such studies could provide evidence of the

buildup of the intracluster light from galaxies and information about the transformation

of galaxy onto the red-sequence. Andreon (2002), Mercurio et al. (2003), Pracy et al.

(2004) and Banados et al. (2010) each studied individual clusters at z ∼ 0.2–0.3 and each

found that the fraction of dwarf galaxies decreases in the central (or equivalently highest

density) regions of the clusters. However, these studies either did not consider CMR and

blue galaxies separately, or the areal coverage was insufficient to examine the buildup of

galaxies onto the red-sequence out to the virial radius or beyond. Barkhouse et al. (2009)

studied ∼ 60 Abell clusters at z = 0.02–0.2 out to radii of 0.9r200 (where r200 if the cluster

virial radius) and did examine the red and blue galaxy populations separately. However,

they were unable to detect the transformation of galaxies onto the CMR.
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In this work we utilise wide-field imaging of nine galaxy clusters at z ∼ 0.2 to in-

vestigate the evolution of the red-sequence luminosity function and red-sequence dwarf-

to-giant ratio (RDGR; Ferguson & Sandage 1991) as a function of clustercentric radius

and local galaxy density – from the highest density, central regions out to the virial radii.

The narrow redshift range and the well-defined cluster selection criteria enables us to

simply combine the clusters to provide an ensemble average with correspondingly better

precision, and our wide-field imaging enables us to study the cluster populations out to

r200. We also examine red-sequence galaxies within a fixed radius and, by comparing to

previous surveys at z ∼ 0.1–1, track the build-up of the CMR with redshift. Later, in

Chapter 3, we examine a cluster at z = 0.54 and search for active galaxies, which may be

forming stars at a rate of hundreds of solar masses per year, and may be the progenitor

population of the red-sequence galaxies studied here.

We describe the sample selection and available data in § 2.2 and in § 2.3 analyse the

buildup of the cluster red-sequence and discuss our results. Finally, in § 2.4, we present

our conclusions. Throughout this Chapter we use J2000 coordinates, ΛCDM cosmology

with ΩM = 0.3, ΩΛ = 0.7 and H0 = 70kms−1Mpc−1, and Vega magnitudes.

2.2 Sample selection

In this paper we study nine galaxy clusters selected from the X-ray Brightest Abell Clus-

ters (XBACs; Ebeling et al. 1996) and observed with the CFH12k wide-field camera on

the Canada-France-Hawaii Telescope (CFHT). XBACs is a flux-limited sample of galaxy

clusters which contains 242 Abell clusters that are detected in the Rosat All-Sky Survey

data. Our sample of nine clusters with LX > 4 × 1044 ergs−1 is listed in Table 2.1 and is

limited to those clusters with redshift 0.17 < z < 0.26 (the selection of relatively narrow

redshift range means that the evolution between the clusters is negligible), declination

−20◦ < δ < 60◦ (for observability), Galactic latitude |b| > 15◦ (to minimize stellar con-

tamination) and hydrogen column density NH < 10×1020cm−2 (to minimise photometric

errors introduced by galactic reddening). The clusters were observed in the B, R and I

filters using the CFH12k wide-field (42 × 28arcmin2) camera during observing runs in

November 1999 and May/June 2000 (Bardeau et al. 2007). The data were reduced using

standard techniques (described in detail Czoske 2002), astrometrically calibrated to the

Digitized Sky Survey (DSS) and photometrically calibrated using observations of Landolt

(1992) and Stetson (2000) standard stars (Bardeau et al. 2007). We employ the CFH12k
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Table 2.1: Details of the nine z ∼ 0.2 galaxy clusters analysed.

Cluster RAa Deca z LX,bol
b r200

c M200
d

(1044ergs−1) (Mpc) (1014M�)

Abell 1689 13h11m30.s1 −01◦20′28′′ 0.184 21.4 ± 1.0 2.25 ± 0.14 19.7 ± 3.4

Abell 1763 13h35m20.s1 +41◦00′04′′ 0.228 15.9 ± 1.4 1.93 ± 0.14 13.9 ± 2.6

Abell 209 01h31m52.s6 −13◦36′40′′ 0.206 13.2 ± 1.1 1.57 ± 0.17 7.2 ± 2.0

Abell 2218 16h35m49.s3 +66◦12′44′′ 0.171 12.2 ± 0.9 1.81 ± 0.14 9.7 ± 2.2

Abell 2219e 16h40m19.s9 +46◦42′41′′ 0.228 . . . 2.25 ± 0.18 20.9 ± 4.4

Abell 267 01h52m42.s0 +01◦00′26′′ 0.230 6.6 ± 0.7 1.15 ± 0.23 2.7 ± 1.5

Abell 383 02h48m03.s4 −03◦31′45′′ 0.187 4.6 ± 0.5 1.32 ± 0.17 4.2 ± 1.5

Abell 68 00h37m06.s9 +09◦09′24′′ 0.255 10.1 ± 0.9 1.49 ± 0.18 6.2 ± 2.0

Abell 963 10h17m03.s6 +39◦02′50′′ 0.206 10.2 ± 0.9 1.33 ± 0.10 3.7 ± 0.9

a Coordinates are those of the central galaxy (Bardeau et al. 2007).

b The bolometric X-ray luminosity is derived from XMM-Newton observations and

excludes the central 0.1r500 to avoid potential contamination by cool cores (Bardeau

et al. 2007; Zhang et al. 2008).

c r200, is the cluster virial radius (Bardeau et al. 2007).

d M200, the virial mass, is the total mass included in a sphere of radius r200 as derived

from weak gravitational lensing (Bardeau et al. 2007).

e XMM-Newton observations of Abell 2219 suffered from flaring, so the equivalent LX,bol

as the remaining sample is unavailable.
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B-, R- and I-band imaging and catalogues described in Bardeau et al. (2007). Details of

the B-, R- and I- band observations are given in Table 2.2. Source catalogues from each

filter are extracted independently using SExtractor with the sources required to have

be > 1.5σ above the background level in a minimum of five 0.2′′ × 0.2′′ connected pixels.

Magnitudes are measured in apertures of 3′′ radius and the B-, R- and I- band catalogues

are combined using a matching radius of 1′′.

We apply corrections for galactic extinction to the photometric catalogues, employing

values derived from Schlegel et al. (1998) by the NASA/IPAC Extragalactic Database

(NED)1. One of the three CFHT observing runs was affected by cirrus and was not

photometric. Bardeau et al. (2007) performed some simple photometric calibration to

account for this, but photometric accuracy between the clusters is critical for our work

so we perform further checks and calibration as we now describe.

We select unsaturated stars in the fields of the clusters on the basis of their bright R-

band magnitudes and unresolved sizes (full-width at half-maximum); each field contains

> 200 stars selected this way. Stars follow well-defined tracks in colour-colour space

(Landolt 1992) and we can use a two-dimensional KS-test to compare the B − R and

R−I colour-colour tracks of the stars in all the cluster fields to identify, and hence correct,

offsets in the photometry. Cross-testing shows that Abell 209, 267 and 963 have consistent

star colours, suggesting that they are well calibrated and we next combine the stars from

these three fields to create a catalogue of 936 stars with precise and consistent photometry:

the photometric catalogue. The zeropoints of the catalogues of the remaining six clusters

are then adjusted in steps of 10−3 mag, and a two-dimensional KS-test performed against

the photometric catalogue at each step, to determine the optimum B − R and R − I

offsets for each cluster. Based on these colour offsets we can determine which band the

has largest photometric error and correct it. The magnitude of the colour-colour offsets

and the photometric corrections applied are listed in Table 2.3. After the application of

these offsets we expect the relative photometry of our cluster catalogues to be good to

< 0.03 magnitudes.

1The NASA/IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Laboratory, Cal-

ifornia Institute of Technology, under contract with the National Aeronautics and Space Administration.
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Table 2.2: Summary of the CFHT observations (Bardeau et al. 2007).

B R I

Cluster Texp Seeinga Limitingb AB
c Texp Seeinga Limitingb AR

c Texp Seeinga Limitingb AI
c

(ks) (′′) mag (mag) (ks) (′′) mag (mag) (ks) (′′) mag (mag)

Abell 1689 3.6 0.9 24.9 0.115 3.0 0.8 24.3 0.071 3.0 0.9 23.0 0.052

Abell 1763 3.6 1.0 24.9 0.039 6.0 0.9 24.4 0.024 3.0 0.8 23.2 0.018

Abell 209 7.2 1.0 25.0 0.083 6.6 0.7 24.5 0.052 3.6 0.7 23.3 0.037

Abell 2218 3.4 1.1 24.5 0.106 6.9 1.0 24.4 0.065 3.0 0.8 22.9 0.048

Abell 2219 5.4 1.0 25.0 0.108 6.3 0.8 24.6 0.067 3.0 0.8 23.3 0.048

Abell 267 3.0 1.0 24.2 0.106 4.8 0.7 24.1 0.066 0.9 0.7 22.7 0.048

Abell 68 8.1 1.1 25.2 0.393 7.2 0.7 24.3 0.244 3.6 0.6 23.3 0.177

Abell 383 7.2 0.9 24.6 0.140 6.0 0.9 24.1 0.087 3.6 0.7 22.7 0.063

Abell 963 7.2 0.9 25.2 0.066 4.8 0.8 24.3 0.041 1.1 1.1 22.8 0.030

a Seeing is measured as the FWHM of stars on the final stacked image of each cluster (Bardeau et al. 2007).

b 50% completness limit (Bardeau et al. 2007).

c Galactic extinction (Schlegel et al. 1998).
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Table 2.3: Photometric corrections applied to the cluster fields. Abell 209, Abell 267 and

Abell 963 are not included because they are deemed to already have accurate photometry

and are used as the comparison sample.

Cluster Nstar
a B-R offsetb R-I offsetb Filter to adjust Filter correction

(mag) (mag) (mag)

Abell 1689 416 −0.08 ± 0.01 0.07 ± 0.01 R 0.075

Abell 1763 316 0.01 ± 0.03 0.04 ± 0.01 I −0.040

Abell 2218 434 −0.02 ± 0.02 0.07 ± 0.02 I −0.070

Abell 2219 643 0.03 ± 0.01 0.46 ± 0.01 I −0.460

Abell 383 348 0.05 ± 0.03 −0.02 ± 0.01 R −0.035

Abell 68 264 −0.03 ± 0.02 0.02 ± 0.02 R 0.025

a Nstar is the number of stars employed for the photometry correction.

b Colour offsets are the change that is applied to the colours of the stars in each cluster

field to match to the stars in the photometric sample (see text for details).

2.3 Analysis and results

The CMR is composed of early-type (E and S0) galaxies, which appear to support little

ongoing star-formation, and may represent the evolutionary end-point of galaxy formation

(e.g. Visvanathan & Sandage 1977; Bower et al. 1992), although they can be formed via

various processes. Therefore, by investigating the galaxies which lie on the CMR in

different environments and at different redshifts we can study the physical processes that

influence star-formation and hence drive galaxy evolution.

2.3.1 Colour-magnitude relation

In Fig. 2.1 we present the B−R versus R colour-magnitude diagrams for the central 1 Mpc

of each of the nine z ∼ 0.2 galaxy clusters. At z = 0.2 the B- and R-bands approximately

correspond to the rest-frame U- and V-bands, hence these colour-magnitude diagrams

represent rest-frame U-V versus V. For each cluster we identify the CMR for galaxies

with R = 16–22 through a procedure in which the first estimate of the location of the

CMR is performed by eye and then galaxies within ±0.25 mags of the estimated CMR are

linearly fitted using an iterative biweight procedure to derive the best-fit linear relation

to the CMR. The colour-magnitude diagrams and CMR fits for each cluster are shown in
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Fig. 2.1.

The galaxy clusters studied here cover a small range in redshift (δz = 0.084) and hence

lookback time (δtL = 0.87 Gyr), such that the evolution across the sample is expected

to be negligible. Therefore, we can combine the data from all nine clusters to reduce

the errors from field contamination and shot noise, and increase the significance of our

statistics. In Fig. 2.2 we show the equivalent B−R colour at R = 20 magnitudes for CMR

in each of the nine clusters in our sample and compare this with a “no-evolution” model

for the colours of elliptical and S0 galaxies at z = 0 from King & Ellis (1985). The model

provides an adequate description of the mean colour of the CMR for all the clusters, except

Abell 1689. It is unclear why the colours of CMR galaxies in Abell 1689 are offset, although

it is most likely that the photometric corrections derived from the star colours (§ 2.2) are

insufficient and that more than just the R-band was significantly affected by cirrus during

the observations. Therefore, for Abell 1689 we use the observed value of B −R at R = 20

to transform the colours of galaxies on the CMR to z = 0.21, the median redshift of

the sample. This correction should minimise any remaining photometric errors between

the Abell 1689 and the other clusters. The remaining eight clusters are transformed to

z = 0.21 using the expected values from the model. We show the colour-magnitude

diagrams of the resulting composite cluster in Fig. 2.1. The CMR of the composite

cluster is fitted using the same iterative biweight procedure as the individual clusters,

using a constant width (∆(B − R) = 0.5 magnitudes) colour slice.

In Fig. 2.3 we show the B − R, R − I colour-colour plot of sources in the cluster

fields that were detected in the B, R and I bands. We have highlighted the red-sequence

galaxies (Fig. 2.2) with R 6 20.73, which corresponds to the limit of our dwarf selection

(§ 2.3.4). The red-sequence galaxies, selected from their B − R colours, also typically

have red R− I colours, similar to those expected from the models of King & Ellis (1985).

The small number of red-sequence galaxies that have very red or very blue R − I colours

suggests that there is minimal foreground and background contamination in the CMR

galaxy sample, although in § 2.3.2 we further quantify the field contamination.

2.3.2 Field correction

The CMRs presented in Fig. 2.1 are not corrected for field contamination and will contain

a contribution from foreground and background galaxies. The wide-field nature of the

CFH12k imaging means that the data extends out to the periphery of the clusters, and we

can use these regions to statistically estimate the field contamination and so correct for
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Figure 2.1: Colour-magnitude plots for the inner regions of the individual z ∼ 0.2 galaxy

clusters and the composite cluster, which is constructed at z = 0.21 as described in the

text. The linear CMR is visible in all the individual clusters and the composite cluster,

albeit with varying contrast. The 50% completeness limits of the photometry of the indi-

vidual clusters are represented by solid black lines (Bardeau et al. 2007) and the dashed

vertical lines highlight the observed R-band magnitude which represents the 50% com-

pleteness limit for galaxies on the CMR. Similarly the dashed line in the composite CMR

represents the brightest 50% completeness limit on the CMR of the individual clusters,

transformed to z = 0.21. On the composite CMR the dotted lines show the division

between giants and dwarfs and the faint limit of our dwarf classification (§ 2.3.4) while

the solid lines show our CMR selection. We note that the faint limit of our analysis lies

∼ 1 magnitude above the 50% completeness limit, corresponding to ∼ 100% completeness.
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Figure 2.2: Plot of redshift against B −R colour for galaxies with a characteristic bright-

ness of R = 20 magnitudes on the CMR, compared to the “no-evolution”model of King &

Ellis (1985) for elliptical and S0 galaxies. The model is normalised to the observed value

in clusters at z = 0.21. The model and observed values are in good agreement for all the

clusters expect Abell 1689. Therefore, with the exception of Abell 1689, the models are

used to transform the clusters to z = 0.21. For Abell 1689 we use the observed value.

this. For each cluster we identify 10 regions at the edge of the field, each with an area of

1.13 Mpc2, equivalent to a circle of 600 kpc radius, which is the area of the clusters that

we study in § 2.3.3 and § 2.3.4 (to match previous studies). We use the mean and standard

deviation of the number of galaxies in the 10 fields as a measure of the field contamination

and its uncertainties in the clusters. The errors are propagated throughout and we scale

the values for areas of different sizes when necessary.

2.3.3 Evolution of the CMR from the luminosity function

Having defined the cluster CMRs and selected red-sequence galaxies we next investi-

gate and fit the luminosity distribution of CMR galaxies to explore the evolution of

red-sequence dwarf and giant galaxies. In Fig. 2.4 we show the field-corrected rest-frame

V-band luminosity functions for galaxies on the CMR and within 600 kpc of the centres

of the composite cluster and the nine individual z ∼ 0.2 galaxy clusters. The observed

R-band magnitudes are converted to rest-frame absolute V-band magnitudes using the
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Figure 2.3: B − R, R − I colour-colour plot for sources in the fields of the nine z ∼ 0.2

clusters, K-corrected to z = 0.21. We highlight CMR galaxies, selected on the basis of

B−R colour and R-band magnitude (Fig. 2.2), and show the predicted colours of galaxies

of different star-formation histories at z = 0.21 (King & Ellis 1985). The red-sequence

galaxies typically have the colours expected for E/S0 galaxies, which indicates that the

selection is reliable. The limited scatter in the R−I colours of the CMR galaxies suggests

that there is minimal field contamination in the sample.
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Table 2.4: Field-corrected parameters of galaxies on the red-sequence and in the central

600 kpc radius.

Cluster αa M∗a Φ∗a Ngiant
b Ndwarf

c RDGR

Abell 1689 −1.0 ± 0.2 −20.5 ± 0.5 37 ± 18 35 ± 6 122 ± 12 3.5 ± 0.7

Abell 1763 −0.5 ± 0.3 −19.7 ± 0.4 63 ± 16 25 ± 6 103 ± 11 4.1 ± 1.0

Abell 209 −1.2 ± 0.2 −21.1 ± 0.7 14 ± 10 26 ± 6 74 ± 10 3.0 ± 0.8

Abell 2218 −1.1 ± 0.2 −20.5 ± 0.4 30 ± 14 32 ± 6 109 ± 12 3.4 ± 0.7

Abell 2219 −0.8 ± 0.3 −20.0 ± 0.4 46 ± 16 34 ± 7 95 ± 11 2.8 ± 0.7

Abell 267 −0.5 ± 0.4 −19.8 ± 0.4 39 ± 14 20 ± 5 65 ± 10 3.3 ± 1.0

Abell 383 −1.3 ± 0.5 −21.3 ± 2.4 7 ± 14 10 ± 4 48 ± 9 4.6 ± 2.1

Abell 68 −1.4 ± 0.2 −21.8 ± 0.9 6 ± 5 26 ± 6 82 ± 11 3.2 ± 0.8

Abell 963 −0.6 ± 0.4 −20.0 ± 0.5 31 ± 13 24 ± 5 54 ± 10 2.3 ± 0.7

Composite −0.9 ± 0.4 −20.3 ± 0.5 305 ± 13 232 ± 17 753 ± 32 3.2 ± 0.3

a α, M∗ and Φ∗ are from Schechter function fits to the CMR luminosity function (§ 2.3.3).

b Ngiant is the field-corrected number of galaxies with MV < −19.96.

c Ndwarf is the field-corrected number of galaxies with −19.96 6 MV 6 −17.81.

“no-evolution” K-corrections for E/S0 galaxies from King & Ellis (1985).

We use a χ2 analysis to fit each luminosity function with the traditional single Schechter

function (Schechter 1976), of the form:

Φ(MV ) = 0.4ln(10)Φ∗100.4(α+1)(M∗
V
−MV ) exp (−100.4(M∗

V
−MV )) (2.1)

where Φ∗ is the normalisation, α is the faint-end slope, and M ∗
V is the magnitude at which

the faint-end slope begins to dominate. To avoid incompleteness we only use galaxies with

MV . −17.8 magnitudes, corresponding to R ∼ 20.7 magnitudes at z = 0.21. The fits

and the parameters of each fit are shown in Fig. 2.4 and the parameters are presented

in Table 2.4. We note that there is no correlation between redshift, r200, M200, X-ray

luminosity, or the depth of the optical observations and the values of M ∗
V or α.

Prior to using the parameters of the Schechter function fits of luminosity functions to

investigate the evolution and the build-up of the CMR it is imperative that we understand

any correlations in the parameters. In Fig. 2.5 we show contours of constant χ2 for a range

of values of M ∗
V and α for Schechter function fits to the composite cluster luminosity

function and highlight the locations of the best-fit M ∗
V and α for each of the individual

clusters. It is clear that M ∗
V and α are highly correlated, and that their best-fit values
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Figure 2.4: Field-corrected rest-frame V-band luminosity functions for galaxies in the

central 600 kpc radius of the the nine individual z ∼ 0.2 galaxy clusters and the composite

cluster. Thick lines are the best-fit Schechter functions to each cluster, and the parameters

of the Schechter function fits are presented. The dotted line in the panel of the composite

cluster is the luminosity function for field galaxies and illustrates the size of the field

correction.
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Figure 2.5: Contours of χ2 as a function of M ∗
V and α for Schechter function fits to the

luminosity function of the composite cluster at z = 0.21. The star marks the position of

the best-fit parameters for the composite cluster, and the points show the location of the

best-fit M ∗
V and α for the individual z ∼ 0.2 clusters. The interdependency of M ∗

V and

α and the large scatter in values of the individual clusters suggests that it is difficult to

interpret any evolution in luminosity functions using the parameters derived from these

fits. Contour levels are χ2
min + [1, 3, 5, 10], representing the 1, 3, 5 and 10σ levels. The

median error bars are shown in the bottom right-hand corner.

vary widely even for this sample of clusters, which were selected for their homogeneity.

We conclude that the evolution of the luminosity distribution along the CMR is difficult

to interpret from M ∗
V and α alone. Therefore, we next use an alternative parameterisation

to investigate the evolution of the CMR.

2.3.4 Evolution of the CMR from the dwarf-to-giant ratio

As we showed in § 2.3.3 the evolution of the red-sequence is difficult to identify from the

parameters of a Schechter function fit to the CMR luminosity function due to the coupled

behaviour of α and M ∗. Therefore, we next use the shape-independent, red-sequence

dwarf-to-giant ratio (RDGR; Ferguson & Sandage 1991) to investigate the evolution and
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build up of the cluster CMR. The RDGR (or its inverse RGDR) is straightforward to

interpret because the single parameter quantifies the relative numbers of dwarf and giant

galaxies on the red-sequence. Since the giant galaxy population is well established by

z . 0.5 (e.g. Ellis et al. 1997) the RDGR provides a measure of the evolution of dwarf

galaxies onto the CMR.

In calculating the RDGR we consider giant galaxies as those with MV < −19.96, and

dwarf galaxies as those with −19.96 < MV < −17.81. These magnitude limits are the

redshift-correct equivalent to those used by Stott et al. (2007), allowing us to directly

compare to their results, although we note that our conclusions do not change if they

varied slightly. The division between dwarf and giant galaxies was chosen by Stott et al.

(2007) as the magnitude limit when the faint-end slope begins to dominate the luminosity

function. As shown in Fig 2.1 the faint-end limit is ∼ 1 mag brighter than the brightest

50% completness limit of our catalogues and therefore we do not expect incompleteness to

affect our results. The numbers of dwarf and giant galaxies in each cluster are corrected

for field contamination as described in § 2.3.2.

In Fig 2.6 we show the RDGR for the central 600 kpc of the individual and the

composite z ∼ 0.2 galaxy clusters. The field-corrected number of giant and dwarf galaxies,

and the RDGR for this region of the clusters are listed in Table. 2.4. The results are

directly comparable with Stott et al. (2007), since the magnitudes limits and the areal

coverage are equivalent. We also compare to the similar study of De Lucia et al. (2007)

who examined galaxies within 740 kpc radius of the cluster centres and considered giants

as those with MV < −19.96 and dwarfs as those with −19.96 < MV < −18.16. The

evolution in the RDGR is apparent in Fig. 2.6, with relatively more dwarf galaxies on the

cluster red-sequence at recent times, indicative of a build-up of the faint end red-sequence

over the last ∼ 8 Gyr (as seen by De Lucia et al. 2007; Stott et al. 2007).

With the aim of parameterising this evolution we determine a fit of the form RDGR =

k(1+z)−β to the composite clusters from this work, Stott et al. (2007), and De Lucia et al.

(2007). The best-fit has χ2
red = 0.84, k = 4.72 ± 0.65 and β = 2.88 ± 0.34. Although this

fit is statistically acceptable, we note that qualitatively the RDGR of z ∼ 0.1 and z ∼ 0.2

clusters are similar. Indeed, a KS-test of the RDGR in the individual z ∼ 0.1 and z ∼ 0.2

clusters yields a probability that the two samples are drawn from the same distribution

of PKS = 38% – indicating that the RDGR of these two samples are consistent with

each other. For comparison, a KS-test between the RDGRs of the z ∼ 0.2 and z ∼ 0.5

clusters has PKS = 0.05% – indicating that they are unlikely to be drawn from the same
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Figure 2.6: Evolution of the field-corrected red-sequence dwarf-to-giant ratio with redshift

for the galaxies in the central 600 kpc of our z ∼ 0.2 galaxy clusters. We compare to

clusters from Stott et al. (2007) and De Lucia et al. (2007), which have similar galaxy

selection criteria. A fit to the composite clusters of the form RDGR = k(1 + z)−β has

k = 4.72 ± 0.65 and β = 2.88 ± 0.34 and a reduced χ2 = 0.84.

distribution. We conclude that whilst there is strong evolution of the CMR of clusters

between redshifts 0.5 and 0.2 is possible that this evolution is complete by z ∼ 0.2, at

least to within 600 kpc of the cluster centre. However, as discussed in § 2.4 it is possible

that this result is biased by the use of a fixed 600 kpc radius for analysis at all redshifts,

rather than considering galaxies within a fixed fraction of the cluster radius. We note

that the values of the RDGR for the individual z ∼ 0.2 clusters do not correlate with

X-ray luminosity or M200.

2.3.5 Buildup of the CMR: radial dependence

Having confirmed that the RDGR is redshift dependent we next utilise the full power of

our wide-field imaging of all nine z ∼ 0.2 galaxy clusters to investigate the evolution of

the CMR and the dwarf galaxy population within the composite cluster.

We begin by studying the variation of the RDGR as a function of projected clus-
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Figure 2.7: Variation of field-corrected RDGR with clustercentric distance for the com-

posite z ∼ 0.2 galaxy cluster. We see that the RDGR is low in the outer regions of the

cluster and increases with decreasing radii and the RDGR in the innermost region of

the clusters is depressed. We interpret this trend as the transformation of an increas-

ing number of dwarf galaxies onto the CMR at mid-to-large clustercentric radii, and the

disruption of dwarf galaxies in the inner regions of the clusters. Such disruption could

destroy the dwarf galaxies or cause a reduction in surface brightness such that they no

longer occupy our sample. It is also possible that our source extraction and deblending

algorithms are less accurate in the cluster centres, where there is significant crowding

of the images, potentially causing some galaxies not to be extracted. To test this we

have examined the images and catalogues and estimated the number of dwarf and giant

galaxies which were not included in the original catalogues. The effect of correcting this

small bias in the innermost radial bin is shown by indicating with an arrow the maximum

change in RDGR. For comparison to § 2.3.4 we identify the median radius corresponding

to 600 kpc for our z ∼ 0.2 clusters.
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tercentric radius and in Fig. 2.7 we show the field-corrected RDGR as a function of

clustercentric radius. We consider the radius scaled by r200 for each of the constituent

clusters so that the effect of the variation in richness of the nine clusters is removed. We

note that, if physical radius is instead considered, our conclusions do not change but the

amplitude of the variation in RDGR is weakened.

We find that in the outskirts of the cluster the RDGR is low and, as expected, increases

towards the cluster centre. However, the RDGR peaks at ∼ 0.4r200 and then plateaus

until the innermost regions of the cluster where it declines. To test whether this effect

could be a systematic error due to the source extraction algorithms failing to detect

and deblend faint galaxies in the crowded cluster centres we examine the images of all the

cluster centres and estimate the number of galaxies which are missing from the catalogues.

Failure to extract galaxies due to crowding in the centres of the clusters is insufficient to

explain the decrease in RDGR in the very centre of the clusters (Fig. 2.7).

Our sample of clusters are all massive and hence may (and indeed do) act as gravita-

tional lenses, magnifying the image of all background galaxies. For our sample of z ∼ 0.2

clusters gravitational lensing is most efficient within ∼ 1′ radius (∼ 0.1r200) and, due to

flux boosting and magnification of the source place, could affect the background counts in

this region (Broadhurst et al. 1995). Therefore, we check whether the apparent reduction

in the RDGR in the cluster centres is not a result to a systematic error in the field subtrac-

tion due to gravitational lensing. From Trentham (1998) we estimate that gravitational

lensing boosts the dwarf galaxy field counts by a maximum of 12% and the giant galaxy

field counts by a maximum of 8%. However, since the area in the central radial bins is

small the overall effect is to increase the RDGR by < 1% in each of the R < 0.1r200 and

R = 0.1–0.2r200 bins. We also repeat our calculations of RDGR for only the sub-sample

of four clusters that show the weakest lensing signals (Abell 267, Abell 383, Abell 963 and

Abell 209; Bardeau et al. 2007), alone and find no significant difference in our results,

compared to when the full sample is employed. We conclude that gravitational lensing

does not bias our analysis.

The observed low RDGR in the outer regions of the clusters is evidence that at these

radii relatively few dwarf galaxies have evolved sufficiently to inhabit the red-sequence.

The increase in RDGR from R ∼ 1–0.4r200 corresponds to increasing numbers of dwarf

galaxies being transformed onto the CMR by the cluster environment. We note that

Barkhouse et al. (2009) examined galaxy clusters at z = 0.02–0.20 and did not observe

this decrease of RDGR in the outer regions of the cluster. This disparity is most likely
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due to the large redshift range explored and could indicate that the radius at which the

trend of RDGR flattens is redshift dependent.

We interpret the reduction in the RDGR in the very innermost regions of galaxy

clusters at z ∼ 0.2 is evidence of tidal forces stripping material from dwarf galaxies in

these environments, in a similar process to that observed in locally. These tidal forces

could destroy the dwarf galaxies or remove sufficient numbers of stars to cause them

to fade below the magnitude limit of this survey – causing a reduction in the observed

RDGR.

2.3.6 Buildup of the CMR: density dependence

We have shown that the relative number of dwarf and giant galaxies on the cluster red-

sequence at z ∼ 0.2 is dependent on the clustercentric radius. However, the clustercentric

radius is only a proxy for galaxy density and it does not explicitly account for non-

spherical clusters or those clusters with multiple high-density regions. Therefore, we

next investigate variation in the form of the red-sequence with local galaxy density. Such

analysis enables us to combine physically equivalent regions, in terms of local environment,

in the nine clusters – without making assumptions about the relative richness of the

clusters or the galaxy distribution within them.

In Fig. 2.8 we plot the dependence of the RDGR on the projected red-sequence giant

density (Σgiant). Σgiant is field-corrected and is computed from the projected separation

to the 10th nearest red-sequence giant galaxy. We use Σgiant, instead of the density of all

CMR galaxies, as a measure of the local galaxy density because unlike the CMR galaxy

density Σgiant is does not vary as dwarf galaxies evolve in the cluster environment. In

addition, the field correction is lower for giant galaxies than for dwarfs so the using Σgiant

means that the errors on the density measurements are minimised. To calculate Σgiant at

the location of each of the dwarf galaxies we perform a two-dimensional interpolation of

the values of Σgiant at the positions of the giant galaxies. A measure of the area included

in density bin is determined by using the median raw (i.e. not field corrected) Σgiant and

the observed number of giant galaxies in the bin. We use this value to appropriately scale

the field correction (§ 2.3.2) and calculate the field-corrected RDGR for each Σgiant. Each

of the radial bins in Fig. 2.7 contains galaxies in a mixture of environments, such that

the observed RDGR values are the average of each of those environments. This results in

the observed range of RDGR in Fig. 2.8 to be larger than that in Fig. 2.7.

We find that in low-density regions regions with Σgiant . 10 Mpc−2 the RDGR in-
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Figure 2.8: Variation of field-corrected RDGR with the local density of red sequence

giant galaxies (Σgiant) for the composite z ∼ 0.2 galaxy cluster. The RDGR appears

suppressed in the both the lowest and the highest density regions of the cluster, compared

to intermediate density regions. The increase of RDGR from low to intermediate density

regions is likely a result of the transformation of increasing numbers of dwarf galaxies

onto the red-sequence by the cluster environment. We interpret the subsequent reduction

in RDGR in regions with Σgiant & 30 Mpc−2 as evidence of dynamical interactions, which

strip stars from the dwarf galaxies, causing them to fade below our selection limit. Dotted

lines indicate the three Σgiant regimes considered in Fig. 2.9.
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creases with increasing giant density but at Σgiant & 10 Mpc−2 we observe a flattening in

the RDGR, which then rapidly decreases at the very highest densities. The initial increase

of RDGR with increasing Σgiant is an indication that as dwarf galaxies enter progressively

denser cluster regions increasing numbers are transformed onto the red-sequence. How-

ever, in regions with Σgiant & 10 Mpc−2 this process has be completed and at the very

highest densities the dwarf galaxies may be dynamically disrupted in a process similar

to that observed locally, such that they are destroyed or are stripped of enough stars to

cause them to fade to below our selection limits. We note that in a study of Abell 2218

Pracy et al. (2004) found that the DGR of red and blue cluster galaxies was suppressed

by a factor of five in the highest density regions of the cluster, similar to the relative

reduction in the RDGR of our z ∼ 0.2 clusters. This suggests that the mechanisms re-

sponsible for the depletion of the faint end of the CMR in the highest density regions in

z ∼ 0.2 clusters acts universally and is not specific to red-sequence galaxies – indicative

of dynamical processes.

To confirm the observed trend of RDGR with local giant density we show in Fig. 2.9 the

field-corrected red-sequence luminosity functions of the galaxies in low, intermediate and

high density regions (indicated in Fig. 2.8), corresponding to Σgiant 6 4.3 Mpc−2, Σgiant =

4.3–25 Mpc−2 and Σgiant > 25 Mpc−2, respectively. The three luminosity functions

in Fig. 2.9 are scaled such that they contain equal numbers of giant galaxies (i.e. at

MV < −19.96). The faint end of the luminosity function in both the low and high

density environments appears less populated than in intermediate density environments.

This confirms our findings from Fig. 2.8 and § 2.3.5 that in low to intermediate density

regions (typically large to intermediate clustercentric radii) dwarf galaxies are transformed

onto the red-sequence by the cluster environment, before being dynamically disrupted in

regions of high giant galaxy density (typically low clustercentric radii).

We calculate the observed reduction in RDGR from intermediate to high density

regions corresponds to typical fading of ∼ 0.3 magnitudes per dwarf galaxy. This would

result in ∼ 30% reduction in the luminosity and stellar mass of each galaxy. Based on

a V-band light-to-mass ratio of 2.1, derived from Starburst99 (Leitherer et al. 1999)

for a 1Gyr old stellar population formed in a instantaneous burst, on average the stellar

mass loss from disrupted dwarf galaxies into the centre each of the z ∼ 0.2 clusters is

∼ 9×109 M�, corresponding to ∼ 1% of the intracluster light (Zibetti et al. 2005). Thus,

although dynamical interactions in the highest density regions of z ∼ 0.2 clusters are

important for cluster populations they contribute only a small fraction to the intracluster
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Figure 2.9: Rest-frame V-band luminosity functions for red-sequence galaxies in our

z ∼ 0.2 composite cluster. We separate galaxies into those with low, intermediate and

high projected local red-sequence giant galaxy density (Σgiant), as indicated in Fig. 2.8

and corresponding to Σgiant 6 4.3 Mpc−2, Σgiant = 4.3–25 Mpc−2 and Σgiant > 25 Mpc−2

respectively. The luminosity functions are scaled such that the number of giant galax-

ies in each is equal. The faint end of the luminosity function of red-sequence galaxies

in low-density regions of the clusters is marginally suppressed compared to galaxies in

intermediate density environments. We also find that the faint end slope of galaxies in

high-density environments at z ∼ 0.2 is significantly depressed, suggesting that in the

highest-density environments dwarf galaxies are disrupted. This disruption would remove

stars from the galaxies, causing them to fade below our selection limits, and contributing

to the intracluster light. The low and high Σgiant luminosity functions are offset slightly in

MV for clarity and the dotted lines highlight the dwarf and giant limits used throughout

this chapter.
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light at this epoch.

2.4 Discussion and Conclusions

In this study we have used wide-field imaging of nine z ∼ 0.2 galaxy clusters to investigate

the build-up of the red-sequence in these highly biased environments. We have shown

that evolution in luminosity functions by parameterisation with Schechter function fits is

difficult to interpret due to the interdependency of the parameters. We therefore use the

RDGR as a single measure of the evolution of galaxies onto the red-sequence luminosity

function that is straightforward to interpret.

We examined the RDGR within the central 600 kpc radius of z ∼ 0.2 galaxy clusters

in comparison with previous studies at z ∼ 0.1–0.8 (Stott et al. 2007; De Lucia et al.

2007). There is a strong evolution in the RDGR from ∼ 1 at z ∼ 0.8 to ∼ 3.5 at z ∼ 0.1,

although it appears that this evolution may be complete by z ∼ 0.2. However, since we

have also shown that the RDGR is a strong function of clustercentric radius, measured as

a fraction of r200, it is prudent to consider the effect of studying RDGR in a fixed physical

radius.

For the sample of z ∼ 0.1 clusters, r200 is, on average, 2.8 Mpc (Pimbblet et al. 2006),

and 600 kpc corresponds to ∼ 0.2r200. The clusters at z ∼ 0.2 have typically smaller r200,

such that 600 kpc corresponds to ∼ 0.4r200, approximately the location of the maximum

RDGR. The X-ray selected sample of z ∼ 0.5 clusters from Stott et al. (2007), have similar

r200 to the z ∼ 0.2 sample (based on X-ray observations; Horesh et al. 2010). However,

the EDisCS clusters (z &0.5) studied by De Lucia et al. (2007) are optically selected,

and typically less massive – such that 600 kpc corresponds to ∼ 0.6r200 (Poggianti et al.

2006).

Therefore, on average, the RDGR in the central 600 kpc radius of the z ∼ 0.2 and

the Stott et al. (2007) z ∼ 0.5 clusters are directly comparable. However, for the De

Lucia et al. (2007) clusters 600 kpc incorporates a larger fractional area of the clusters

(Fig. 2.7). This difference could potentially bias low the RDGR of the De Lucia et al.

(2007) clusters than if equal fractional areas were compared. Although we note that

the difference between the integrated RDGR within 0.4r200 and 0.6r200 for the z ∼ 0.2

clusters is small so it is likely that this effect is minimal. The more significant difference is

between the z ∼ 0.1 and z ∼ 0.2 clusters. 600 kpc radius for the z ∼ 0.1 sample includes

only 0.2r200 so the observed RDGR for these clusters is likely to be significantly lower
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than if ∼ 0.4r200 was considered, as it is for the z ∼ 0.2 clusters. It is therefore likely that

the possible end-point of cluster evolution at z ∼ 0.2 suggested by the minimal change in

RDGR between z ∼ 0.2 and z ∼ 0.1 is actually due to the use of a fixed metric aperture.

By differentiating between regions of different local galaxy density we find that there

are relatively few dwarf galaxies on the red-sequence in areas of the cluster with low

giant density, typically corresponding to large clustercentric radii. The fraction of dwarf

galaxies on the CMR increases towards the inner regions of the clusters and at higher

Σgiant, peaking at R ∼ 0.3 r200 and Σgiant ∼ 10 Mpc−2. This increase in RDGR is

interpreted as evidence of the transformation of dwarf galaxies onto the red-sequence in

high-density environments.

We also find that in the very centres of clusters (R . 0.1 r200) and regions where

Σgiant & 25 Mpc−2 the RDGR is significantly reduced. We interpret this as evidence that

dwarf galaxies in high-density regions at z ∼ 0.2 are dynamically disrupted in processes

similar to those observed locally, where material is stripped from dwarf galaxies in the

centres of clusters. We calculated that such interactions remove ∼ 30% of the stellar mass

from each dwarf, which when integrated over the whole sample is the equivalent of ∼ 1%

of the intracluster light of each cluster.

Having investigated the populations of CMR galaxies in clusters at z ∼ 0.2, in Chap-

ter 3, we next investigate the population of strongly star-forming galaxies in a cluster at

z = 0.54. Such active galaxies, which are selected at 1.1 mm are likely forming stars at

the rate of hundreds of solar masses per year, could be the progenitors of a fraction of

the red-sequence galaxies in lower redshift clusters.



Chapter 3

A 1.1-mm survey for ULIRGs in

the field of the galaxy cluster

MS 0451.6−0305

3.1 Introduction

As discussed in Chapter 2, galaxy clusters are dense, biased environments in which galax-

ies may evolve more rapidly than the field. Local massive clusters contain mainly passive

early-type galaxies (Visvanathan & Sandage 1977; Bower et al. 1992), although clusters at

higher redshifts appear to support more star-formation activity (Butcher & Oemler 1984).

Since the blue, star-forming populations within clusters are expected to be accreted from

the surrounding field as the clusters grow via gravitational collapse, the evolution in the

star-forming fraction in the clusters may simply track the increasing activity in the field

population at higher redshifts.

This increasing activity in the field is reflected in an increasing number of the most

luminous (and dusty) starburst galaxies with redshift (e.g. Le Floc’h et al. 2005; Magnelli

et al. 2009; Goto et al. 2010; Rujopakarn et al. 2010): the Luminous Infrared Galax-

ies (LIRGs, with LFIR > 1011 L�) and their Ultraluminous cousins (ULIRGs, LFIR >

1012 L�). As the clusters grow these systems will also be accreted into the cluster en-

vironment along with the less-obscured and less-active population, and could transform

into CMR galaxies observed at lower redshifts, such as those studied in Chapter 2. Mid-

infrared surveys of clusters have identified a population of dusty starbursts whose activity

increases with redshift (e.g. Geach et al. 2006, 2008; Haines et al. 2009). However, these

35
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mid-infrared surveys can miss the most obscured (and potentially most active) galaxies

which are optically thick in the rest-frame mid-infrared (as we show later). If they are

present in clusters – even in relatively low numbers – such active galaxies will contribute

significantly to the star formation rate (SFR) in these environments and the metal en-

richment of the intracluster medium. Hence to obtain a complete census of the star

formation within clusters we need to survey these systems at even longer wavelengths, in

the rest-frame far-infrared, which is less sensitive to the effects of obscuration and which

corresponds to the observed sub-millimetre and millimetre wavebands at z & 0.2.

Over the past decade or more there have been a number of studies of rich clusters

of galaxies in the sub-millimetre and millimetre wavebands (e.g. Smail et al. 1997; Blain

et al. 1999; Zemcov et al. 2007; Knudsen et al. 2008). Many of these studies were seeking

to exploit the clusters as gravitational telescopes to aid in the study of the distant sub-

millimetre galaxy (SMG) population behind the clusters, while others focused on the

detection of the Sunyaev-Zel’dovich (SZ) emission. Due to the limitations of current

telescopes direct detection of millimetre sources is restricted to those with fluxes S1100µm &

1 mJy, or equivalently galaxies with SFRs & 300 M� yr−1 – much higher than expected for

the general cluster populations based on optical surveys. Nevertheless these studies have

serendipitously detected a number of cluster galaxies, although these are either atypical

(e.g. central cluster galaxies, Edge et al. 1999) or are not confirmed members (e.g. Best

2002; Webb et al. 2005). More critically, with few exceptions these studies have all focused

on the central 2–3 arcmin of the clusters, where the SZ emission and lensing amplification

both peak, and have not surveyed the wider environment of the cluster outskirts where

much of the obscured star formation is likely to be occurring (e.g. Geach et al. 2006).

The two exceptions are the wide-field survey of the z ∼ 0.25 cluster A 2125 by Wagg

et al. (2009) and the survey of an overdense region of the COSMOS field by Scott et al.

(2008) and Austermann et al. (2009). Wagg et al. (2009) detected 29 millimetre galaxies

across a ∼ 25-arcmin diameter region centered on Abell 2125, at z = 0.25, of which none

are claimed to be members. However, the only redshift estimates available are based on

crude radio-to-millimetre spectral indices, which are sensitive to both dust temperature

and redshift (Chapter 5; Blain et al. 2003). The AzTEC/COSMOS survey (Scott et al.

2008; Austermann et al. 2010) covered a number of structures, including an X-ray detected

z = 0.73 cluster and concluded that the statistical overdensity of sources was most likely

due to the gravitational lensing of background SMGs by these foreground structures.

To help to conclusively answer the issue of the obscured star-forming populations in
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distant clusters, and potentially identify some of the progenitors of red-sequence galaxies

in low redshift clusters, we have undertaken a wide-field 1.1-mm survey of the z = 0.54

rich cluster MS0451.6−0305 (hereafter MS0451−03) with the AzTEC camera (Wilson

et al. 2008) on the James Clerk Maxwell Telescope (JCMT). This panoramic millimetre

survey can also take advantage of the significant archival data available for this well-

studied region. In particular the panoramic imaging of MS0451−03 from Spitzer and

uniquely, the Hubble Space Telescope (HST), as well as extensive archival multiwave-

length imaging and spectroscopy, which we employ for determining cluster membership

of AzTEC-detected galaxies. Our survey probes the rest-frame 700 µm emission of cluster

galaxies – in search of examples of strongly star-forming but obscured galaxies – as well

as identifying more luminous and more distant examples of the SMG population. We can

compare our millimetre search for cluster members to the previous mid-infrared survey

of this cluster by Geach et al. (2006) who uncovered a population of dusty star-forming

galaxies which dominate the integrated SFR of the cluster of 200 ± 100 M� yr−1. Our

AzTEC map covers ∼ 60 times the area of the 850 µm SCUBA observations of the central

region of MS0451−03 (Borys et al. 2004), while the depth of σ ∼ 1.1 mJy is sufficient to

identify ULIRGs individually and obtain stacked constraints on fainter far-infrared cluster

members.

We describe our observations and the data reduction in §3.2; present 1.1-mm number

counts, identify counterparts to the AzTEC galaxies, and use photometric techniques to

determine cluster membership in §3.3. §3.4 contains our conclusions; individual AzTEC

galaxies are presented in Appendix 3.5. Throughout this Chapter we use J2000 coordi-

nates and ΛCDM cosmology with ΩM = 0.3, ΩΛ = 0.7 and H0 = 70 kms−1Mpc−1 and

all photometry is on the AB system unless otherwise stated.

3.2 Observations and Data Reduction

Our survey focuses on MS0451−03 – a massive galaxy cluster at z = 0.54. MS 0451−03

has been extensively studied over recent years and as such there is a plethora of data

available in this field, including deep optical imaging, Spitzer and HST mosaics, X-ray

observations and substantial spectroscopy. Details of the multiwavelength data employed

in this survey are given in § 3.2.2.
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Figure 3.1: AzTEC S/N contours for the MS0451−03 field shown over the corresponding

Subaru R-band image; smoothed (dot-dashed) X-ray contours highlight the cluster centre.

We also plot a 5-arcmin radius circle (dashed) illustrating the sub-region analysed in

§3.3.1. The solid black line encircles the region with exposure coverage > 50% of the

maximum value, where sources are extracted. In this region AzTEC contours shown

are at 1σ intervals, starting at 2.5σ. 15 arcsec radius circles mark the 1.1-mm source

detections labelled in order of decreasing S/N (Table 3.2) and squares highlight sources

which are potential cluster members (§3.3.3.3). MMJ045413.35 is not shown because it

lies outside of the area covered by the Subaru image. The 1.1-mm sources appear evenly

distributed, with no obvious overdensity towards the cluster centre.
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3.2.1 AzTEC Observations

The AzTEC millimetre camera (Wilson et al. 2008) was installed on the JCMT dur-

ing November 2005 and operated nearly continuously until February 2006. On the

JCMT AzTEC has a field-of-view of ∼ 18-arcmin2 and a beam of 18-arcsec FWHM.

For this project we observed a 0.23-deg2 region centred on MS0451−03 at 04h54m10.s1,

−03◦01′07.′′6, over a total of 24.5 hours between 2005 December 14 and 2006 January

6. Observations were carried out in raster-scan mode with 1200′′ long scans in elevation

separated by 9′′ steps in azimuth (see Wilson et al. 2008 for details of our standard raster

scan strategy). Scans were made at a fixed speed of 120′′s−1. Data from the turnarounds

were excised for this analysis. Each observation took 35 minutes to complete and a total

of 42 observations were made of the field. Over the set of observations the zenith opacity

at 225 GHz, τ225, was monitored with the Caltech Submillimeter Observatory’s opacity

meter and ranged from 0.03 to 0.17. The average opacity for the set of observations was

0.09, equivalent to an atmospheric column of precipitable water vapour of ∼ 2 mm.

The 42 individual AzTEC observations were reduced and combined using the publicly

available AzTEC Data Reduction Pipeline V1.0 – a set of IDL code that is optimised for

detecting point sources in blank-field AzTEC surveys. This is the same pipeline that has

been used in previous blank-field AzTEC/JCMT analyses including Scott et al. (2008),

Perera et al. (2008) and Austermann et al. (2010).

Since the reduction of these observations follows the same procedure and uses the

same code as previous AzTEC studies, we refer the reader to Scott et al. (2008) for a

thorough review of the reduction steps. Here we focus on the particulars of this field and

the measured characteristics of the MS0451−03 map.

Since we are interested in counterparts to our detected SMGs it is critical that we un-

derstand the pointing accuracy of the maps. In the reduction pipeline, fine corrections to

the JCMT’s pointing model are applied to each observation based on regular observations

of a nearby QSO (α = 04h23m15.s8, δ = −01◦20′33.′′1) in the same manner as described in

Scott et al. (2008) and Wilson et al. (2008). The residual astrometric error for the field is

measured by stacking the AzTEC map at the positions of radio sources in the field (see

§3.2.2) and fitting for the centroid of the resulting image. The stacked radio sources are

detected at ∼ 6σ and demonstrate an overall systematic astrometric shift in the AzTEC

map of ∆α = −3.0′′ ± 0.9′′,∆δ = 1.2′′ ± 1.5′′ with respect to the radio reference frame.

This correction is negligible in Dec, but the significant RA offset is applied to the AzTEC
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Table 3.1: Summary of the observations

Filter Instrument Detection Reference
Limita

U CFHT – MegaPrime 25.1 mag Donovan (2007)
B Subaru – Suprime-Cam 26.6 mag Kodama et al. (2005)
V Subaru – Suprime-Cam 25.8 mag Kodama et al. (2005)
R Subaru – Suprime-Cam 25.1 mag Kodama et al. (2005)
I Subaru – Suprime-Cam 24.2 mag Kodama et al. (2005)
z′ WHT – PFIP 24.2 mag This work
K Palomar Hale – WIRC 20.1 mag G. Smith et al., in prep.

3.6 µm Spitzer – IRAC 23.0 mag This work
4.5 µm Spitzer – IRAC 23.2 mag This work
5.8 µm Spitzer – IRAC 21.4 mag This work
8.0 µm Spitzer – IRAC 22.1 mag This work
24 µm Spitzer – MIPS 120 µJy Geach et al. (2006)
1.1 mm JCMT – AzTEC 3.6 mJy This work
1.4 GHz VLA 51 µJy This work

a1.1 mm is the 3.5σ minimum catalogue limit in the roughly constant noise region of the

map; in the other bands we quote 3σ limits.

data prior to further analysis and source extraction.

The AzTEC data are flux calibrated as described in Wilson et al. (2008) from nightly

observations of Uranus over the JCMT run. The final calibration accuracy is ∼ 10%.

The primary products that come out of the AzTEC pipeline are a map representing

the average filtered point source response, a map of the of the weight of each pixel in the

sky flux map (representing the uncertainty in flux of each pixel), and a map of the signal

to noise estimate in each pixel. All maps are made on the same 3′′× 3′′ grid and all maps

have been Wiener filtered to optimise sensitivity to point sources. The central ∼ 0.10

deg2 of the AzTEC map is relatively uniform, with all pixels having > 50% of the peak

weight. Sources are extracted in the central region of the maps (§3.3.1) where the rms

noise is ∼ 1.1 mJy. Contours of ‘signal-to-noise’ (S/N), overlayed on the Subaru R-band

image of the field are shown in Fig. 3.1.

3.2.2 Multi-wavelength data

Significant multiwavelength archival data exist for the MS0451−03 field, which are sum-

marised in Table 3.1 and described below.
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3.2.2.1 Spitzer MIPS imaging

Geach et al. (2006) obtained Spitzer MIPS 24µm observations of a 0.23-deg2 area of

MS0451−03, excluding the central 25-arcmin2. The full details of the reduction and

source extraction process are described in Geach et al. (2006). The central region of the

cluster was part of Guaranteed Time Observations (Spitzer program 83) so these data

were obtained from the archive and incorporated into the mosaic. The 5-σ catalogue

detection limit corresponds to 200 µJy.

3.2.2.2 Radio Imaging

Archival observations of the MS0451−03 field at 1.4 GHz were obtained using the Na-

tional Radio Astronomy Observatory’s (NRAO1) Very Large Array (VLA), combining

9 hours of data obtained in 2002 June in the VLA’s BnA configuration with 16 hours of

A-configuration data taken in 2006 February (Project IDs AN109 and AB1199, respec-

tively). The nearby calibrator, 0503+020, was used to track amplitude and phase, with

absolute flux and bandpass calibration set via 0137+331. The now-standard 1.4-GHz

wide-field imaging approach was adopted (Owen et al. 2005; Biggs & Ivison 2006), using

spectral-line mode ‘4’ to acquire data with an integration time of 3 s (10 s in BnA) and

using the imagr task in the Astronomical Image Processing System (aips) to map out

the primary beam using a mosaic of 37 images, with 17 more distant radio sources covered

by additional facets. Several iterations of self-calibration and imaging resulted in a noise

level of 11 µJybeam−1, with a 2.3′′ × 1.8′′ synthesised beam at a position angle 0.0◦.

Sources and corresponding fluxes are obtained from SExtractor (Bertin & Arnouts

1996), using the S/N map for detection and the flux map as the analysis image; sources are

extracted where a minimum of 10 contiguous pixels (each is 0.16 arcsec2) have S/N> 2.

The resulting catalogue has a 3-σ flux limit of 51 µJy and is corrected for bandwidth

smearing. We verify the statistical properties of our catalogue by comparing source counts

with Biggs & Ivison (2006). Notably, the source density is not significantly enhanced

towards the cluster centre, allowing us to use the counts across the whole field in our

statistical calculation of AzTEC counterparts (§3.3.2.2).

1NRAO is operated by Associated Universities Inc., under a cooperative agreement with the National

Science Foundation.
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3.2.2.3 Optical and near-infrared imaging

Observations of MS 0451−03 in the U-band were taken with the MegaPrime camera on

the Canada France Hawaii Telescope (CFHT) and reach a 3-σ detection limit of 25.1

mag in a 0.25-deg2 field. Standard reduction techniques were employed, customised for

MegaPrime data (C.-J. Ma & H. Ebeling, private communication), details of which can

be found in Donovan (2007).

In addition we observed a 0.08-deg2 area centered on the cluster core on 2007 October

09 through the z′ filter with the Prime Focus Imaging Platform mounted on the 4.2-m

William Herschel Telescope (WHT). A total integration time of one hour was obtained

and reduced using standard techniques and calibrated using a Sloan Digital Sky Survey

standard field, yielding a 3-σ limiting magnitude of 24.2 mag.

Finally, the BVRI imaging employed here comes from the PISCES survey (Panoramic

Imaging and Spectroscopy of Cluster Evolution with Subaru; Kodama et al. 2005). De-

tection limits are listed in Table 3.1. In addition K-band imaging to a 3-σ depth of 20.1

mag over 0.12-deg2 centred on MS0451−03 was obtained from the Wide-Field Infrared

Camera (WIRC; Wilson et al. 2003) on the Palomar Hale telescope. Standard reduction

methods were employed and are detailed in G. Smith et al. (in prep.). These data were

used in the previous analyses of Geach et al. (2006) and Moran et al. (2007a,b).

3.2.2.4 Spitzer IRAC imaging

The Spitzer InfraRed Array Camera (IRAC; Fazio et al. 2004) observations of the 20 ′×20′

field centered on the MS0451 field were obtained as a part of the Cycle 5 General Observer

(program 50610, PI: M. Yun) on 2009 March 18. Each tile was observed for a total of 1500

seconds in each of the four IRAC bands (3.6, 4.5, 5.8, and 8.0 µm) in full array mode with

a 15 position dither pattern with 100 second exposures at each position. The new data are

combined with the archival IRAC data (program 83) to produce the final mosaic images

using Cluster Grinder (Gutermuth et al. 2009), which is an idl software package that

utilizes standard Basic Calibrated Data (BCD) products from the Spitzer Science Centre’s

standard data pipeline. The angular resolution of the final mosaic ranges between 2.0 and

2.5 arcsec depending on the observing band; the limiting depths are given in Table 3.1.
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3.2.2.5 Cataloguing

To estimate redshifts photometrically we require that the photometry in all filters samples

the same emission from the source so an accurate spectral energy distribution (SED) can

be built. To meet this requirement we degrade all the optical images to match the worst

seeing – the (V-band) in which the FWHM is 1.54 arcsec. Each seeing convolved image is

astrometrically matched to the USNO catalogue with a set of unsaturated and unblended

stars spread across the frames. We use SExtractor (Bertin & Arnouts 1996) on the R-

band image to detect objects with a minimum of ten adjacent 0.2-arcsec pixels at least 1.5

σ above the background to provide a source list and then use the apphot routine in iraf

to extract 3-arcsec diameter aperture photometry at these positions in each convolved

image. These measurements are then aperture corrected assuming a point source, to

yield total magnitudes. We report 3-σ detection limits in Table 3.1.

The resolution of the IRAC images is significantly lower than the optical so for source

extraction we consider these data separately, although an equivalent procedure is followed.

Sources are detected on the 8 µm image with SExtractor (Bertin & Arnouts 1996) and

are required to have a minimum of 4 adjacent 0.9-arcsec pixels at least 2 σ above the

background. The 8µm band is chosen so that we can use the IRAC colours to constrain

counterparts for otherwise unidentified SMGs (§3.3.2.3 and Yun et al. 2008). This source

list provides positions for the apphot routine in IRAF to extract 3.8-arcsec diameter

fluxes. We also ensure that all SMGs which are identified in Submillimeter Array (SMA),

radio or 24 µm data and have IRAC counterparts in any bands are extracted, removing

the requirement for an 8µm detection. The extracted fluxes are corrected for the aperture

losses, employing the factors calculated by the SWIRE team (Surace et al. 2005), resulting

in total magnitudes, which can be directly compared to our optical catalogue.

3.3 Analysis and Results

This study aims to identify 1.1-mm detected ULIRGs in the z = 0.54 galaxy cluster

MS0451−03. A priori, based on the space density of ULIRGs at z ∼ 0.5 (Le Floc’h

et al. 2005), and the overdensity of LIRGs in clusters at this redshift (Geach et al. 2006),

we expect to find, at most, only a couple of cluster members in our survey. The large

background population coupled with this small number of expected members makes this

study challenging. Therefore, we focus on techniques to identify sources and confirm clus-

ter membership. Similarly to other SMG studies, a fraction of our sources are unidentified
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Figure 3.2: Catalogue detection limits (see Table 3.1) in each filter for a z = 0.54 galaxy

overlayed with Arp 220 and M82 SEDs (Silva et al. 1998) scaled to our 3.5σ 1.1 mm

catalogue limit. We expect to easily detect counterparts at this redshift suggesting that

unidentified SMGs are most likely to be high redshift background galaxies and not cluster

members.

in the radio, mid-infrared or optically. However, based on an Arp 220 SED, cluster mem-

bers which are detectable above our 1.1-mm flux limit are also expected to be brighter

than the catalogue limits in all other bands (Fig. 3.2). Therefore, any unidentified sources

are likely to be part of the background population.

3.3.1 AzTEC catalogue

Millimetre sources are identified as local maxima with S/N> 3.5 and are selected in the

roughly uniform noise (σ ∼ 1.1 mJy, ∼360-arcmin2) region of the AzTEC signal-to-noise

map (with weights of at least half of the maximum). In Table 3.2 we present the 36

detections in order of decreasing S/N. Measured source fluxes and their errors are given

by the peak pixel value and corresponding noise value respectively; deboosted fluxes are

calculated following the method of Perera et al. (2008). We determine the positions of

sources on the sub-pixel level by calculating the centroid after weighting pixels close to the

brightest pixel according to the square of their fluxes. Fig. 3.1 shows the Subaru R-band
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Table 3.2: AzTEC galaxies in the MS0451−03 field in order of decreasing S/N. Source

names correspond to AzTEC positions in the J2000 epoch. SMGs with robust multiwave-

length counterparts (§3.3.2 and Table 3.3) are shown in bold.

Source SNR Flux Noise Deboosted flux
(mJy) (mJy) (mJy)

1 MMJ 045438.96-030739.8a 6.5 8.3 1.3 6.4+1.3
−1.4

2 MMJ 045447.55-030018.8a 5.8 6.2 1.1 4.7+1.1
−1.1

3 MMJ 045433.57-025204.0a 5.7 7.7 1.4 5.4+1.4
−1.5

4 MMJ 045431.56-025957.8b 5.1 5.2 1.0 3.7+1.0
−1.1

5 MMJ 045421.55-030109.9 5.1 5.1 1.0 3.6+1.0
−1.2

6 MMJ 045417.49-030306.6 4.9 5.0 1.0 3.5+1.1
−1.2

7 MMJ 045413.35-031204.2b 4.6 6.3 1.4 3.6+1.4
−2.0

8 MMJ 045412.72-030043.7 4.5 4.5 1.0 2.9+1.0
−1.3

9 MMJ 045345.31-030552.2 4.4 4.6 1.0 2.8+1.1
−1.4

10 MMJ 045407.14-030033.9 4.3 4.3 1.0 2.6+1.0
−1.4

11 MMJ 045358.12-025233.3 4.3 4.3 1.0 2.6+1.0
−1.5

12 MMJ 045426.76-025806.5 4.2 4.2 1.0 2.6+1.0
−1.4

13 MMJ 045356.09-025031.4 4.2 5.4 1.3 2.6+1.3
−2.2

14 MMJ 045424.53-030331.7 4.1 4.2 1.0 2.4+1.0
−1.5

15 MMJ 045328.86-030243.3 4.1 5.0 1.2 2.5+1.2
−2.0

16 MMJ 045354.64-030004.0 4.0 4.0 1.0 2.1+1.0
−1.6

17 MMJ 045431.35-025645.8 4.0 4.0 1.0 2.3+1.0
−1.4

18 MMJ 045411.57-030307.5 4.0 4.1 1.0 2.3+1.0
−1.6

19 MMJ 045415.53-025125.0 3.9 4.1 1.0 2.3+1.1
−1.6

20 MMJ 045345.88-030440.0 3.9 4.0 1.0 2.2+1.0
−1.6

21 MMJ 045358.49-025601.4 3.9 3.8 1.0 2.2+1.0
−1.5

22 MMJ 045403.10-025006.8 3.9 4.7 1.2 2.2+1.3
−2.0

23 MMJ 045357.46-030237.1 3.9 4.0 1.0 2.1+1.0
−1.6

24 MMJ 045420.10-030658.2 3.8 4.0 1.0 2.2+1.1
−1.6

25 MMJ 045422.17-030445.8 3.8 3.9 1.0 2.0+1.0
−1.7

26 MMJ 045349.69-025807.1 3.8 3.8 1.0 2.0+1.0
−1.6

27 MMJ 045421.17-030740.2 3.8 3.9 1.0 1.9+1.1
−1.7

28 MMJ 045345.06-025722.6 3.7 3.7 1.0 1.9+1.0
−1.6

29 MMJ 045442.54-025455.0 3.7 4.5 1.2 1.6+1.4
−1.6

30 MMJ 045444.78-030030.9 3.7 3.8 1.0 1.9+1.1
−1.6

31 MMJ 045411.73-025712.7 3.7 3.6 1.0 1.8+1.0
−1.6

32 MMJ 045411.17-031019.2 3.6 4.1 1.1 1.8+1.2
−1.7

33 MMJ 045352.72-030130.9 3.6 3.7 1.0 2.0+1.0
−1.6

34 MMJ 045454.20-025919.3 3.6 4.6 1.3 1.5+1.5
−1.5

35 MMJ 045359.27-030327.4 3.5 3.6 1.0 1.8+1.0
−1.6

36 MMJ 045340.09-030334.2 3.5 3.6 1.0 1.7+1.0
−1.6

a These SMGs were observed with the SMA and detected (§3.3.2.1).

b These SMGs were observed with the SMA but not formally detected (§3.3.2.1).
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image with AzTEC contours of constant S/N and the detected 1.1-mm sources marked.

Based on the analyses of AzTEC data in Scott et al. (2008) and Perera et al. (2008) we

expect that 3–4 (8–10%) of the sources in our 3.5σ catalogue are false detections with

only ∼ 0.5 and 0 amongst those with S/N> 4.5 and 5 respectively.

To examine whether there is an overdensity of AzTEC galaxies in MS0451−03 com-

pared to similar field surveys – potentially indicating a significant number of obscured

ULIRG cluster members – we calculate the number counts in MS0451−03 compared to

the AzTEC blank-field survey of the SHADES fields (Austermann et al. 2010). The source

number counts and corresponding errors were calculated using the same bootstrap sam-

pling methods as described in Austermann et al. (2010), employing the AzTEC/SHADES

best fit Schechter parameters as a prior. Due to the effects of flux boosting, our catalogue,

which is limited at an apparent S/N ratio of 3.5, corresponding to a typical apparent flux

of 3.6 mJy, actually contains sources fainter than this limit, allowing us to statistically

constrain counts fainter than 3.6 mJy. We also calculate number counts in the central 5

arcmin radius of the AzTEC MS0451−03 map, by trimming the map to this area and

repeating the calculations with the sky model, deboosting, and completeness estimates

based on the full maps, since these are not expected to change across the field. The

number counts for the whole MS0451−03 survey area, and the central 5 arcmin (which

represents a physical scale of ∼ 1.9 Mpc at z = 0.54), compared to the AzTEC/SHADES

survey are presented in Fig. 3.3.

Across the whole field MS0451−03 does not exhibit a source excess at 1.1 mm com-

pared to a blank field. This suggests that, as expected, there is not a dominant population

of luminous obscured star-forming galaxies in MS0451−03. Nevertheless, it is possible

that a small number of the sources are still cluster members. Indeed, our number counts

analysis (Fig. 3.3) suggests there may be a small overdensity of sources in the central

5-arcmin radius region of the AzTEC map. Based on integral number counts and their

errors at 1.1 mm down to 1 mJy, derived from bootstrap sampling the Posterior Flux

Densities of sources (as described in detail in Austermann et al. 2010) a very tentative

overdensity is apparent at the ∼ 1.6σ level. If real this overdensity could arise from a

combination of the Sunyaev-Zel’dovich effect (enhancing the background on which sources

lie), the gravitational lensing of background sources by the cluster, and potentially 1.1

mm cluster members. To discover whether any of this excess is caused by 1.1-mm bright

cluster galaxies we must first accurately locate the counterparts to the 1.1-mm emission.
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Figure 3.3: Differential number counts using deboosted fluxes from the AzTEC survey

of MS0451−03 compared to those from the AzTEC/SHADES survey (Austermann et al.

2010). We see that across the whole area of our survey there is no strong overdensity of 1.1

mm sources in MS0451−03 compared to the AzTEC/SHADES blank-field survey; hence

it is apparent that the majority, but not necessarily the entirety, of the millimetre sources

in the cluster field are background galaxies. However, in the central 5 arcmin radius of the

map (∼ 1.9 Mpc at z = 0.54) there may be a slight overdensity of sources. This could be

due to a combination of the Sunyaev-Zel’dovich effect, gravitational lensing of background

sources by MS0451−03, and potentially a contribution from 1.1 mm cluster members. The

solid line is the Schechter function fit to the number counts in the entire AzTEC map,

and the dotted lines represent the survey limits - the lower and upper lines represent the

whole AzTEC MS0451−03 field and the central 5 arcmin radius, respectively. For clarity

number counts in the central 5 arcmin radius of MS 0451−03 and the AzTEC/SHADES

survey are offset slightly in flux.
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3.3.2 Identifying counterparts to AzTEC sources

The large AzTEC beam (18-arcsec FWHM on the JCMT), coupled with the high spa-

tial density of optical sources makes identification difficult unless precise positions are

determined for the SMGs. The observed mm/sub-mm emission from SMGs represents

rest-frame far-infrared emission from dust-reprocessed starlight or AGN activity. There-

fore, by exploiting the far-infrared–radio correlation (e.g. Condon 1992; Garrett 2002)

and the low spatial density of radio sources, it is possible to employ deep (σ ∼ 10µJy),

high-resolution, interferometric radio observations to determine accurate source positions

for ∼60–80 per cent of SMGs (e.g. Ivison et al. 2002, 2005, 2007; Chapin et al. 2009).

Similarly, 24-µm observations can be used for identification, a method which has proved

useful in confirming tentative radio counterparts, or providing positions for a small num-

ber of the radio undetected SMGs (e.g. Ivison et al. 2004; Pope et al. 2006; Ivison et al.

2007; Chapin et al. 2009). In addition, mid-infrared colours have been used to isolate

potential cluster SMGs (Chapter 4; Ashby et al. 2006; Pope et al. 2006; Yun et al. 2008;

Biggs et al. 2010).

An alternative approach is submillimetre interferometry (e.g. Iono et al. 2006; Younger

et al. 2007; Cowie et al. 2009), which is preferable to these traditional radio and mid-

infrared identification methods because it samples the same part of the Spectral Energy

Distribution (SED) as our AzTEC imaging. However, sources generally require individual

observations due to the small field-of-views of such instruments, commanding prohibitive

exposure times to accurately locate all sources in a catalogue.

We employ all three methods in this work, using millimetre interferometry where

available, and radio and mid-infrared imaging as an alternative. The details of each of

these identification methods is discussed in the following sections. In total we identify

18 AzTEC counterparts (50% of the sample; Table 3.3), of which 14 (39% of the total)

also have optical counterparts (Table 3.4). In Fig. 3.2 we demonstrate that at z ∼ 0.5

our multiwavelength observations are deep enough to detect galaxies above our AzTEC

flux limit and hence provide counterparts, assuming SEDs typical of Arp 220 or M82.

Therefore, our unidentified sample is not expected to contain cluster members. Of the

optically-unidentified SMGs, one lies out of the field of the Subaru, CFHT and IRAC

observations, two are contaminated by nearby saturated stars and one is fainter than our

detection limits at all wavelengths. We discuss the AzTEC galaxies and corresponding

counterparts on a source by source basis in Appendix 3.5.
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3.3.2.1 SMA detections

The five brightest SMGs presented here were observed at 890 µm with the SMA in October

and November 2007 (J. Younger, priv. comm.). On-source integration times of 5–6 hours

were employed, yielding maps with σ890µm ∼ 1.6 mJy, which are presented in Fig. 3.4.

The SMA configuration resulted in a beam of ∼ 3 arcsec.

Of the five sources observed with the SMA MMJ 045438.96, MMJ 045447.55 and

MMJ045433.57 were detected with 870-µm fluxes of 8.4, 5.5 and 8.3 mJy respectively.

The remaining two targets, MMJ 045431.56 and MMJ 045413.35, were undetected, but

have AzTEC 1.1 mm detections with SNR = 5.1 and 4.6 respectively. The proposed radio

identifications (§ 3.3.2.2) of MMJ045438.96 and MMJ045433.57 are coincident with their

SMA positions. The other SMA detected galaxy, MMJ 045447.55, lies ∼ 9 arcsec from an

elliptical galaxy with bright radio and mid-infrared emission, which, due to the high fluxes

is formally a ‘robust’ identification, but is unlikely to be the true source of the millimetre

emission. MMJ 045431.56 and MMJ045413.35 which were targeted but not detected with

the SMA are identified through radio and mid-infrared counterparts respectively.

Unlike this MS 0451−03 study, previous SMA observations of AzTEC galaxies in the

COSMOS field detected all seven targets (Younger et al. 2007). However, the faintest

of the COSMOS SMGs has deboosted 1.1 mm flux of 5.2 mJy, compared to 3.7 and

3.6 mJy for MMJ045431.56 and MMJ 045413.35 respectively. Therefore, based on the

deboosted fluxes it is possible that MMJ 045431.56 and MMJ045413.35 are too faint

to be detected in our observations, although there are examples of bright SMGs that

are undetected with the SMA (e.g. Matsuda et al. 2007). Alternatively, the lack of

SMA counterparts could suggest that either the 890µm to 1.1 mm flux ratios of these

sources are lower than expected (i.e. the dust is colder, or they are higher redshift

than spectroscopically identified SMGs), that these galaxies exhibit extended far-infrared

emission on scales � 2 arcsec (� 16 kpc at z = 2; for example, from a merger-induced

starburst), or that the AzTEC beam contains a blend of multiple SMGs. Our radio

and SMA observations have similar resolutions, therefore, extended or multiple radio

counterparts can indicate the extended or multiple nature of (sub)millimetre emission.

Based on the radio emission it is likely that MMJ 045431.56 is composed of multiple

(sub)millimetre sources, as discussed in Appendix 3.5. However, MMJ045413.35 is more

likely to be a single resolved (sub)millimetre source, with a lower 890-to-1100 µm ratio

than expected. We use the positions of the three SMA detected SMGs in the following
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Figure 3.4: Images of the five SMGs in MS0451−03 that were observed at 870-µm with

the SMA (J. Younger, priv. comm.). The background figures are (from left to right) SMA

870-µm, Subaru R-band, MIPS 24-µm, radio and HST ACS F818W. North is up and east

is to the left. The HST images of MMJ045438.96, MMJ 045447.55 and MMJ045433.57,

which were detected with the SMA, are 10 × 10′′; all other images are 25 × 25′′. The red

contours in the left-hand panel are at the 3, 4, 5, 6σ levels from the AzTEC map and

red 2′′ diameter circles show the position of the SMA detections. For MMJ045431.56 and

MMJ045413.35, which were not detected with the SMA, cyan contours are radio 3, 5, 7σ

contours.
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analysis.

3.3.2.2 Radio and mid-infrared identifications

In this Chapter we use both 1.4-GHz VLA and 24-µm Spitzer MIPS observations to

locate the AzTEC galaxies in our sample. We identify SMG counterparts independently

at radio and mid-infrared wavelengths before comparing these for each AzTEC source.

In our maps the surface density of radio galaxies is lower than the mid-infrared, the

positional accuracy is greater (∼ 0.6 arcsec compared to ∼ 1.8 arcsec), and the link from

the radio emission to the far-infrared is tighter. Therefore, if the 24 µm and 1.4 GHz

identifications disagree we consider the radio position as the more reliable counterpart.

To ensure that no genuine associations are missed we search up to 10 arcsec from each

AzTEC position. This corresponds to a ∼ 3σ search radius for the lowest signal-to-noise

ratio (SNR) sources, where σ is the error on AzTEC position, given by 0.6FWHM(SNR)−1,

and the FWHM is of the instrument beam (Ivison et al. 2007). We reject counterparts

with more than 10 per cent probability of being chance associations using the P-statistic

of Downes et al. (1986) (see also Pope et al. 2006; Ivison et al. 2007; Biggs et al. 2010,

Chapter 4). Counterparts found with p 6 0.05 are considered robust and those with

0.05 6 p < 0.1 tentative. We present all identifications in Table 3.3.

3.3.2.3 IRAC identifications

Yun et al. (2008) studied SMGs securely identified with SMA, radio, or 24 µm data

and found that they typically have redder IRAC colours than the submillimetre-faint

foreground galaxy population. They proposed a selection criteria for SMG counterparts,

based on IRAC colours and found that the SMA detected galaxies in their sample, whether

radio and mid-infrared identified or not, were all recovered by this method. We verify

that this selection criteria for our SMA, radio and 24 µm-identified SMG counterparts

and use it to search for counterparts to our otherwise unidentified AzTEC sources and

identify two further galaxies. Unlike the Yun et al. (2008) result, MMJ 045447.55, our

optically, radio and 24µm faint, but SMA-detected SMG, is not detected in any of the

IRAC wavebands to the depth of the survey listed in Table 3.1.

Later, in Chapter 4 (see also Biggs et al. 2010) we use the sample of 126 SMG in

the ECDFS to further refine the IRAC-identification of SMGs by building on the anal-

ysis of Pope et al. (2008). We find that within the error circles of SMGs galaxies with

log10(S5.8µm) > 0.75 and log10(S5.8µm/S3.6µm) > −0.05 have a 6 10% probability of
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Table 3.3: Radio and 24 µm counterparts of AzTEC galaxies in MS0451−03. All matches within 10-arcsec are listed, those secure identifications
at 1.4 GHz or 24 µm with P 6 0.05 are shown in bold and tentative associations (0.05 < P 6 0.10) are also presented. Images and a discussion
of each source are presented in Appendix 3.5.

Source 1.4GHz positiona S1.4GHz
b 1.1mm–1.4GHz P1.4GHz 24µm positionc S24µm

d 1.1mm–24µm P24µm

RA Dec Separation RA Dec Separation
(J2000) (µJy) (arcsec) (J2000) (µJy) (arcsec)

1 MMJ045438.96e 04h54m39.s01 −03◦07′38.′′5 98.0 1.51 0.003 04h54m38.s97 −03◦07′38.′′0 157 1.3 0.023

2 MMJ045447.55
f

04
h
54

m
47.s46 −03

◦
00

′
19.′′2 < 51 - - - - < 120 - -

04h54m48.s14 −03◦00′14.′′6 101 9.78 0.032 04h54m48.s12 −03◦00′14.′′3 3396 9.56 0.009
3 MMJ045433.57e 04h54m33.s55 −02◦52′04.′′6 93.5 0.71 0.0008 04h54m33.s51 −02◦52′06.′′8 392 3.00 0.020

4 MMJ045431.56
g

04
h
54

m
31.s69 −03

◦
00

′
07.′′1 77.8 9.50 0.035

04h54m31.s13 −02◦59′51.′′6 485 8.89 0.076
5 MMJ045421.55 04h54m21.s66 −03◦01′08.′′5 84.3 2.21 0.006

04h54m21.s40 −03◦01′07.′′5 209 3.29 0.046

6 MMJ045417.49 04
h
54

m
17.s27 −03

◦
03

′
03.′′2 189 4.74 0.010 04h54m17.s24 −03◦03′03.′′7 217 4.76 0.074

7 MMJ045413.35 04h54m13.s36 −03◦11′58.′′8 78.4 5.44 0.021 04fh54m13.s38 −03◦11′58.′′9 333 5.31 0.056
8 MMJ045412.72 04h54m12.s79 −03◦00′43.′′9 58.3 1.03 0.002 - - < 120 - -
9 MMJ045345.31 04

h
53

m
45.s29 −03

◦
05

′
53.′′5 92.3 1.30 0.002 04

h
53

m
45.s36 −03

◦
05

′
52.′′8 1393 0.86 0.0004

04h53m45.s07 −03◦05′56.′′6 76.9 5.62 0.022

10 MMJ045407.14 04h54m07.s08 −03◦00′37.′′2 60.9 3.37 0.013 04h54m07.s07 −03◦00′37.′′5 1120 3.76 0.007

12 MMJ045426.76i 04h54m26.s86 −02◦58′08.′′0 < 51 - - - - < 120 - -
15 MMJ045328.86

i - - ∼ 51 - - 04
h
53

m
28.s83 −03

◦
02

′
45.′′9 150 2.54 0.040

17 MMJ045431.35 04h54m31.s71 −02◦56′45.′′0 89.3 5.41 0.019 - - < 120 -
18 MMJ045411.57

i - - ∼ 51 - - 04
h
54

m
11.s66 −03

◦
03

′
08.′′0 185 1.55 0.016

26 MMJ045349.69 - - < 51 - - 04
h
53

m
49.s80 −02

◦
58

′
13.′′9 530 7.03 0.049

27 MMJ045421.17i - - ∼ 51 - - 04h54m21.s14 −03◦07′46.′′1 464 5.92 0.045

28 MMJ045345.06j - - ∼ 51 - - 04h53m45.s33 −02◦57′18.′′1 226 6.00 0.095
29 MMJ045442.54i 04h54m42.s62 −02◦54′48.′′2 < 51 - - - - < 120 - -

a1.4 GHz positions have typical uncertainties of ∼ 0.6-arcsec.
b1.4 GHz fluxes have typical errors of 17 µJy.
c24 µm positions have typical uncertainties of ∼ 1.8-arcsec.
d24 µm fluxes have typical errors of 40 µJy.
eThe radio and mid-IR positions agree with the SMA position (§3.3.2.1)
fMMJ045447.55 is identified from SMA observations (§3.3.2.1), but a bright elliptical galaxy ∼ 9.6 arcsec from the AzTEC position is also a formal radio and mid-IR identification.
We consider the radio and mid-IR galaxy to be a chance association – at P = 0.05 we expect 1–2 chance associations in our catalogue.
gThere is an additonal 176-µJy 24-µm source, with P = 0.17, coincident with the radio counterpart of MMJ045431.56. It is considered related to the AzTEC detection due to the radio
identification.
hMMJ045426.76 and MMJ045442.54 have no radio or mid-IR counterparts but are identified on the basis of their IRAC colours (Yun et al. 2008).
iThere is a ∼ 3σ radio peak coincident with the 24-µm counterpart.
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Table 3.4: Optical and near-infrared photometry for the detected SMG counterparts with derived photometric redshifts. Potential cluster

members are shown in bold (§3.3.3.3).

Source U B V R I z K 3.6µm 4.5µm 5.8µm 8µm zphot

1 MMJ045438.96 > 25.1 25.89±0.04 24.03±0.04 23.29±0.03 22.77±0.03 23.75±1.10 19.88±0.11 20.78±0.05 20.37±0.03 19.92±0.09 20.44±0.07 3.42+0.07
−0.05

3 MMJ045433.57 26.92±0.17 25.60±0.04 24.96±0.05 24.02±0.03 23.35±0.04 - 19.27±0.07 20.41±0.03 20.05±0.02 19.72±0.08 20.11±0.05 2.55+0.06
−0.09

4 MMJ045431.56 24.04±0.04 24.20±0.02 23.45±0.03 22.71±0.02 21.97±0.03 21.22±0.05 18.32±0.06 20.18±0.03 20.14±0.02 20.15±0.11 20.85±0.10 0.86+0.04
−0.03

5a MMJ045421.55 24.92±0.08 24.50±0.03 23.37±0.03 22.31±0.02 21.44±0.03 21.31±0.09 18.81±0.12 19.70±0.02 19.96±0.02 19.43±0.06 20.54±0.08 0.50
+0.05

−0.10

8 MMJ045412.72 > 25.1 > 26.6 > 25.8 > 25.1 > 24.2 > 24.2 > 20.1 19.48±0.01 19.03±0.02 18.61±0.03 19.40±0.03 1.85+0.31
−0.15

10 MMJ045407.14 22.83±0.03 22.23±0.02 21.69±0.02 21.23±0.02 20.80±0.02 20.64±0.04 19.67±0.08 20.78±0.05 20.37±0.03 19.92±0.09 20.44±0.07 0.35+0.05
−0.03

12 MMJ045426.76 > 25.1 27.32±0.11 27.71±0.57 25.53±0.08 23.83±0.05 26.80±4.24 22.39±0.34 21.95±0.13 21.77±0.10 21.37±0.36 21.25±0.15 0.89+0.10
−0.10

15 MMJ045328.86 > 25.1 > 26.6 > 25.8 > 25.1 > 24.2 > 24.2 > 20.1 21.08±0.06 20.83±0.04 20.48±0.15 21.48±0.19 1.87+0.62
−0.85

17 MMJ045431.35 24.45±0.05 24.37±0.03 24.23±0.03 23.72±0.03 23.31±0.04 25.94±1.40 21.13±0.17 22.21±0.17 21.97±0.12 22.37±1.21 22.07±0.33 0.60
+0.11

−0.11

18 MMJ045411.57 24.83±0.05 24.65±0.03 24.23±0.03 23.53±0.03 22.82±0.03 22.68±0.11 22.27±0.37 22.37±0.20 21.78±0.10 21.41±0.37 21.80±0.25 0.74+0.06
−0.10

26 MMJ045349.69 26.41±0.14 26.25±0.06 27.72±0.38 26.04±0.10 24.58±0.09 24.35±0.40 > 20.1 - - - - 1.33+0.03
−0.10

27 MMJ045421.17 25.42±0.10 25.51±0.04 24.46±0.04 23.56±0.03 23.11±0.04 23.68±0.22 18.82±0.07 20.07±0.02 19.83±0.02 19.15±0.05 20.52±0.08 1.80+0.25
−0.26

28 MMJ045354.06 25.61±0.08 25.19±0.03 24.83±0.05 24.68±0.04 24.35±0.07 24.36±0.34 21.63±0.43 - - - - 1.89+0.35
−0.84

29 MMJ045442.54 25.00±0.09 26.16±0.05 25.71±0.12 24.61±0.04 23.86±0.05 > 24.2 20.65±0.13 21.59±0.10 21.42±0.07 20.49±0.16 21.31±0.16 1.09+0.15
−0.15

aThis is the combined photometry for C1 and C2 as discussed in §3.3.3.3
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being chance associations. The analysis in this Chapter was performed and published

prior to that refinement and calculation so it was not originally applied to the SMGs

in MS0451−03. However, we note that both the IRAC counterparts that were initially

selected using the Yun et al. (2008) have log10(S5.8µm) > 0.75 and log10(S5.8µm/S3.6µm) >

−0.05 criteria would still be considered identifications. One additional SMG would have

been identified with this methodology, had it been available at the time of this analysis:

MMJ045444.75 is ∼ 4.5′′ from an IRAC source that satisfies these criteria and is discussed

further in Appendix 3.5 but are not considered in the following analysis. There is also

an IRAC source within 10′′ of MMJ 045340.09 that formally meets the requirements, but

examination of the data suggests that it is likely to be spuriously selected based on noise

in the 8-µm image and as such this galaxy is not considered any further.

3.3.3 Redshifts of MS 0451−03 AzTEC galaxies

Our study seeks to identify potential millimetre sources in the cluster population of

MS0451−03. There are spectroscopic observations of 1639 galaxies within our field, but

nevertheless none of the AzTEC galaxies have been spectroscopically observed. Therefore,

we use photometric methods to separate any potential AzTEC detected cluster members

from ‘typical’ z ∼ 2 SMGs. We first apply two simple colour tests – the advantage of

these is that it is easy to understand the biases in the sample – before applying a more so-

phisticated photometric redshift analysis. We use the S24µm/S1.1mm and S1.4GHz/S1.1mm

flux ratios to estimate the redshifts of identified AzTEC galaxies and then also consider

the BzK selection criteria of Daddi et al. (2004) to separate the higher redshift (z > 1.4)

SMGs from potential cluster members. Finally, we use the spectroscopic redshifts and

multi-wavelength photometry of the SMGs in Borys et al. (2005) to test the reliability

of photometric redshifts for SMGs, and apply the findings to our AzTEC MS0451−03

sources to obtain photometric redshifts for our SMGs.

3.3.3.1 Simple photometric redshift analysis

In Fig. 3.5 we plot S24µm/S1.1mm versus S1.4GHz/S1.1mm for AzTEC MS0451−03 SMGs.

For comparison we plot 850 µm sources from Ivison et al. (2007), extrapolated from the

observed 850 µm to the equivalent 1.1mm flux assuming a power law spectrum of the

form Sν ∼ ν3.5. As expected both sets of SMGs lie broadly within the same region of

colour-colour space, adding confidence to our detections and identifications. The redshift

tracks of the local star-forming galaxy Arp 220, and the higher redshift HR10 (z = 1.44)
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(based on the SEDs of Silva et al. 1998) suggest that the AzTEC galaxies have redshifts

of 1 . z . 3.5, in concordance with the SMG population (Chapter 5; Blain et al. 1999;

Chapman et al. 2005). However, as we show in Chapter 5, degeneracy between redshift

and dust temperature in the templates makes this method unreliable for identifying cluster

galaxies.

We next determine whether any of the SMGs are likely to lie at low redshift and

hence potentially be members of MS 0451−03 by using the BzK selection of Daddi et al.

(2004) to separate z > 1.4 galaxies from those at z < 1. Of the ∼ 70 SMGs with

spectroscopic redshifts presented in Chapman et al. (2005) ∼ 80%, and ∼ 90% of the

LESS SMGs in Chapter 5, have z > 1.4, suggesting that the BzK selection should enable

us to remove the majority of background sources from our sample. Fig. 3.6 shows the

optically identified SMGs in MS0451−03 which are covered by our B, z and K imaging,

in addition to Daddi et al. (2004) selection criteria for high redshift (z > 1.4) galaxies;

SMGs with zphot < 1.4 are highlighted (§3.3.3.3). It is clear from Fig. 3.6 that from a

BzK selection alone, at least two SMGs are low redshift and therefore potential cluster

members; several additional galaxies lie close to the border or have photometric limits

which could place them in the low redshift region. Therefore, we next carry out a full

photometric redshift analysis of the whole sample using Hyperz (Bolzonella et al. 2000a)

to calculate redshifts for the SMGs, as in Chapter 4.

3.3.3.2 Photometric redshifts of SMGs

Having located the SMGs in this field we now use photometric redshifts to test whether any

are potential cluster members. Photometric redshifts have been calculated for several sets

of SMGs using various codes and spectral templates, generally designed for use on ‘normal’

low redshift galaxies (e.g. Clements et al. 2008). However, SMGs are located at high

redshifts and powered by dusty starbursts which can be contaminated by AGN meaning

that the stellar templates derived from low redshift galaxies may not be appropriate.

Therefore, in this section we expand on previous analyses to examine how well redshifts

can be constrained for a spectroscopically confirmed sample of SMGs, and whether they

can be used to identify potential cluster members. In Chapter 4 we further build on this

work and derive and test the photometric redshifts of a sample of 74 SMGs detected in

the ECDFS (of which 30 have spectroscopic redshifts).

There are two main methods of calculating photometric redshifts – template fitting

(e.g. Hyperz, Bolzonella et al. 2000a; Easy and Accurate zphot from Yale, EAZY, Bram-
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Figure 3.5: S24µm/S1.1mm versus S1.4GHz/S1.1mm for SMGs in the MS0451−03 field. We

differentiate between sources with robust (p 6 0.05) and tentative detections (0.05 <

p 6 0.10), and highlight SMGs which satisfy the BzK selection criteria of Daddi et al.

(2004) (Fig. 3.6). Sources without both mid-infrared and radio detections are plotted at

the 3σ detection limit of the respective catalogues (Table 3.1). For comparison we also

plot SHADES identifications (Ivison et al. 2007), converted to expected observed 1.1 mm

fluxes as discussed in the text; error bars of this sample are omitted for clarity. Both sets

of SMGs lie broadly within the same region of colour-colour space, providing confidence

in our identifications. Redshift tracks of the z = 1.4 SMG HR 10 and local starburst Arp

220 (based on SEDs from Silva et al. (1998)) suggest that the AzTEC sources generally

have 1 . z . 3.5, in concordance with Chapman et al. (2005).
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Figure 3.6: B − z vs. z −K colour-colour plot of the optically identified AzTEC galaxies

in MS0451−03 which lie within the field-of-view of our B, z and K observations. The

lines of separation between passive and star-forming z > 1.4 BzK galaxies (pBzK and

sBzK respectively), z < 1.4 galaxies, and stars (Daddi et al. 2004) are shown. Two SMGs

occupy the z < 1.4 region, suggesting they are potential cluster members. Galaxies

with BzK colours that indicate that they may be cluster members are labelled. We

distinguish between galaxies with zphot > 1.4 and zphot < 1.4 based on the photometric

redshifts calculated in §3.3.3.3. The BzK selection and full photometric analysis broadly

agree as to the high and low redshift samples giving more confidence in our ability to

isolate millimetre sources in the cluster from the dominant background population. As

expected most SMGs are deemed to be actively star-forming by this criteria.
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mer et al. 2008); and those that use sources with spectroscopic redshifts as training

sets (e.g. ANNz, Collister & Lahav 2004). Some codes are now beginning to combine

the two methods and incorporate training modes into template fitting codes (e.g. Zurich

Extragalactic Bayesian Redshift Analyser, ZEBRA, Feldmann et al. 2006; Bayesian Pho-

tometric Redshift Estimation, BPZ, Beńıtez 2000; ImpZ, Babbedge et al. 2004).

We require a publicly available code and, since there are relatively few SMGs with

spectroscopic redshifts (tens of SMGs compared to hundreds or thousands of sources in

an ideal training set), we consider only template fitting codes. Therefore, throughout this

work we use the Hyperz2 package (Bolzonella et al. 2000a) for our photometric redshift

estimates. We note that Hildebrandt et al. (2010) recently performed extensive testing

of the accuracy and reliability of 19 different photometric redshift codes on simulated

and typical galaxies in GOODS, and found that Hyperz produces reasonable results.

However, as discussed, the typical redshifts and optical faintness of SMGs means that it

is prudent to specifically test the reliability of photometric redshifts for this population.

Hyperz calculates expected magnitudes in the observed filters for given SEDs of a

library of model star-formation histories, with different ages, reddening and redshifts; the

observed and expected magnitudes are compared in each filter to calculate the reduced

χ2 (χ2
red). The photometric redshift is statistically the most likely redshift for the galaxy

and is determined from the minimum χ2
red of best-fit SED at each redshift step. The

star-formation history, age and reddening of the best-fit template at the photometric

redshift are also returned, and in Chapter 4 we investigate whether these parameters are

statistically reliable.

Unfortunately we do not have access to the IRAC photometry or images of the whole

MS0451−03 field so it is not possible to use the 1639 galaxies with available spectroscopy

to test the reliability of photometry and photometric redshifts in this field. Therefore, for

the purposes of photometric redshift testing we employ the sample of 12 SMGs analysed

by Borys et al. (2005), which have spectroscopic redshifts from Chapman et al. (2003a,

2005) and Pope et al. (2008) and deep 12-band photometry: U , B, V , R, I, z ′, J , KS
3,

and the IRAC 3.6, 4.5, 5.8 and 8µm filters (Capak et al. 2004; Smail et al. 2004; Borys

et al. 2005; Bundy et al. 2005). Of the 13 SMGs studied by Borys et al. (2005), we

exclude SMMJ123712.05 from our analysis as it is undetected at wavelengths shorter

than 2-µm, and the power-law shape of the SED at longer wavelengths means that a

2We use Hyperz version 10.0 (http://www.ast.obs-mip.fr/users/roser/hyperz/).
3Two SMGs have HK ′ photometry instead of KS
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photometric redshift cannot be derived. We also note that SMMJ123622.65 has a rest-

frame UV/optical spectrum with z = 2.466 (Chapman et al. 2005; Swinbank et al. 2004)

but mid-infrared spectroscopic analysis suggests z = 1.79 ± 0.04 (Pope et al. 2008),

therefore, we exclude it from the statistical analyses, but consider both spectroscopic

solutions elsewhere.

Although eight different Bruzual & Charlot (1993) star-formation histories are avail-

able in the standard Hyperz distribution (E, S0, Sa, Sb, Sc, Sd galaxies, a single burst

(Burst) and a constant Star-formation rate (Im)) we initially consider the results if only

four – E, Sb, Burst and Im – are employed. The full set of templates represents almost

a continuum of star-formation histories, with only minimal differences between them. As

suggested by Bolzonella et al. (2000b) the inclusion of many more templates can be redun-

dant yet still cost significant processing time. E, Sb, Burst and Im star-formation histories

are initially considered because these most likely to represent SMGs (which are known to

be young starbursts) and are they cover the entire available range. SMGs are also known

to be dusty systems, therefore, we initially allow reddening of AV = 0–5, in steps of 0.2

using the Calzetti et al. (2000) reddening law. There are currently no known SMGs with

zspec > 5.5, and there are few candidate z ∼ 7 galaxies of any type (e.g. Bouwens et al.

2008, 2010a,b), therefore, we conservatively consider photometric redshifts between 0 and

7 throughout. We note that highest redshift galaxies will “dropout” of our imaging at

short wavelengths making the photometric redshifts increasingly difficult to accurately

constrain. Ages of the galaxies are required to be less than the age of the Universe at the

appropriate redshift. We also note that in Chapter 4 we examine the Hyperz-derived

SMG ages and find that they cannot be reliably determined, but that the requirement

for SMGs younger than the Universe at the observed redshift does not significantly affect

the derived photometric redshifts.

In Fig. 3.7, we compare the derived photometric redshifts, based on our nominal

choice of parameters, with the spectroscopic redshifts of the Borys et al. (2005) SMGs.

For our nominal choice of parameters we employ all available photometry, E, Sb, Burst

and Im star-formation histories and AV = 0–5. It is clear from Fig. 3.7 that the photo-

metric redshifts do broadly agree with the spectroscopic redshifts for these SMGs. Indeed,

the average scatter in ∆z = zspec−zphot is −0.27±0.21. We note that the average scatter

in ∆z is smaller for the z 6 1.5 SMGs (∆z = −0.15 ± 0.13) than for the more distant

sample (∆z = −0.32 ± 0.22), demonstrating that when testing photometric redshifts of

these galaxies it is important to consider a comparison sample with the same redshift
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Figure 3.7: Spectroscopic versus photometric redshifts for Borys et al. (2005) SMGs. It

is clear that the photometric redshifts broadly agree with the spectroscopic redshifts, and

that they are sufficiently precise to allow the separation of typical high-redshift SMGs

from the potential cluster population at low-redshifts. SMMJ123622.65 has rest-frame

UV/optical spectra with z = 2.466 (Chapman et al. 2005; Swinbank et al. 2004) but mid-

infrared analysis places it at z = 1.79±0.04 (Pope et al. 2008), therefore, SMMJ123622.65

is plotted at each redshift.
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distribution as the population under study. We find that the Hyperz quoted 68% con-

fidence intervals for this sample typically underestimate the scatter and that the 99%

error bars more realistically represent the 1σ limits on the redshifts. We interpret this

as evidence that either there is some disparity between the models and the photometry

or that the photometric errors are underestimated. Therefore, we quote the 99% confi-

dence intervals throughout, with the understanding that these encompass the 1σ error

range. We highlight that in Chapter 4 we find that for a larger sample of SMGs with

17-band photometry modified handling of Lyman-α absorption is required to remove a

systematic bias in the photometric redshift of galaxies at z & 2. However, this analysis

was performed before that result, although in this Chapter we are interested in galaxies

at z ∼ 0.5, and not galaxies at z & 2, so the exact choice of the strength of the Lyman-α

absorption should not significantly affect our results.

Having established that photometric redshifts for SMGs can be reliable we next con-

sider the effect of varying the parameters from the nominal case above to judge if these

can improve the precision of the photometric redshifts. Firstly, we allow all the available

star-formation histories: E, S0, Sa, Sb, Sc, Sd, Burst, and Im and we find that there

is no significant change in the average ∆z from when only the four nominal templates

are included. When allowing all eight of the star-formation histories 10 of the 11 CDFN

SMGs have best-fit templates of Burst and elliptical star-formation histories (with young

ages), and one is best-fit by the Sa template. Since, only one of the SMGs is not best-fit

by one of the four templates that were initially considered it is unsurprising that there is

no gain in the reliability in the photometric redshifts by allowing more SED templates.

If the available star-formation histories are restricted to only two – Burst and Im – we

again find little change in the average ∆z. We therefore find it unlikely that including

additional stellar templates in the fitting procedure will improve the photometric redshift

accuracy. Our results are also unchanged if we allow higher values of AV , AV = 0–10, or

if we restrict to AV < 2.5, although a tighter limit than this does affect the results and

increases ∆z.

AGN contamination at mid-infrared wavelengths, particularly in the 8 µm filter, is a

concern for SED modelling of SMGs (Hainline et al. 2009, 2010; Coppin et al. 2010b) yet

the SED templates employed are based on pure stellar emission and do not include any

AGN contribution. Therefore, in order to crudely asses the effect of AGN emission on the

accuracy of our photometric redshifts we repeat the photometric redshift calculations as

above but exclude the 8µm data from the analysis. For all the SMGs ∆zno8µm 6 ∆zallbands
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yielding an average scatter ∆z = 0.23 ± 0.22 for the high redshift (z > 1.5) galaxies –

consistent with the view that the 8 µm fluxes are potentially contaminated (see also the

SED plots in Hainline et al. 2010). In Chapter 4 we expand of this analysis and use the

larger sample of LESS SMGs to further examine the effect of AGN on the accuracy of

photometric redshifts of SMGs.

3.3.3.3 Photometric redshifts of the AzTEC galaxy sample

In this work we are interested in separating low redshift (z ∼ 0.5; potential cluster

members) from the typical high redshift (z ∼ 2) SMG population. As we showed in

§ 3.3.3.2 this is possible based on the photometric redshift resolution so we next calculate

the photometric redshifts of SMGs in MS0451−03. As in § 3.3.3.2 we use Hyperz to

calculate the redshifts of the SMGs in the field of MS0451−03 from our optical, near-

infrared and mid-infrared photometry. The Bruzual & Charlot (1993) spectral templates

included with Hyperz are used and, as discussed in § 3.3.3.2, we consider only the Burst,

Elliptical, Sb and constant star-formation rate (Im) models, limit reddening to 0 6 AV 6

5, and redshifts to 0 6 z 6 7. Bright, resolved galaxies with uncharacteristically high

primary photometric redshifts are considered to lie at the calculated secondary solutions.

The redshift estimate of each counterpart is presented in Table 3.4, and in Fig. 3.8

we show the SMG photometric redshifts versus AzTEC 1.1-mm fluxes. Although, most

of the AzTEC sources are high redshift background galaxies, two – MMJ 045421.55 and

MMJ045431.35 – are possible cluster members, and are discussed further below. Our

sample has a median photometric redshift of 1.2 and an interquartile range of z = 0.6–

1.8 – lower than spectroscopic studies (e.g. 〈z〉 = 2.2 Chapman et al. 2005) and our

photometric analysis of SMGs in the ECDFS (〈z〉 = 2.2 ± 0.1 Chapter 5). Similarly,

the median photometric redshift for the sub-sample of 7 SMGs in the ECDFS with 870-

µm (for Sν ∼ ν3.5) and radio or 24-µm fluxes sufficient to be detected in this survey of

MS0451−03 is 〈z〉 = 2.5±0.3, suggesting that the brighter flux limits in this field are not

the cause of the disparity in the redshift distributions. If we exclude the potential cluster

members MMJ 045421.55 and MMJ 045431.35 from our analysis the median redshift of the

field SMGs in this study is 1.6 and the interquartile range is z = 1.1–2.1. We conclude that

the cause of the lower median redshift of SMGs in MS0451−03 compared to the ECDFS

and Chapman et al. (2005) is likely to be that the SMGs with z & 2 in MS0451−03 have

potentially underestimated photometric redshifts (see § 4.3.2 for details) and thus the

results could be skewed. However, this study focuses on detected cluster-member SMGs
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Figure 3.8: The left-hand panel shows photometric redshifts of SMGs against the 1.1 mm AzTEC fluxes. Two SMGs - MMJ045421.55 and

MMJ045431.35 - have photometric redshifts consistent with being cluster members and are highlighted; we discuss these two sources in detail

in §3.3.3.3. In the right-hand panel we show redshift versus K-band magnitudes of MS 0451−03 SMGs compared to the spectroscopic sample

presented in Smail et al. (2004), and local ULIRGs from Kim et al. (2002) and Stanford et al. (2000). Both datasets occupy the same parameter

space suggesting it is unlikely that any of our photometric redshifts are extreme outliers.
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at z = 0.54, so any potential bias in the redshifts of SMGs at = z & 2 is not expected to

affect our conclusions.

Although in § 3.3.3.2 we showed that the exclusion of 8 µm information can sometimes

improve the accuracy of photometric redshift estimates of SMGs, the redshifts reported

in Table 3.4 include the 8µm photometry. This is because for the galaxies with only

IRAC detections the resulting lack of information about the location of the 1.6µm stel-

lar peak means that only weak redshift constraints are possible if we remove the 8 µm

photometry. Critically, the inclusion or exclusion of the 8µm information does not affect

MMJ045421.55 and MMJ 045431.35 which still both have photometric redshifts consis-

tent with the cluster (z = 0.54).

In Fig. 3.6 we test our photometric redshifts by using the B − z versus z − K (BzK)

selection criteria (Daddi et al. 2004), finding that both methods broadly agree. In Fig.

3.8 we show the redshifts and K-band magnitudes of MS 0451−03 SMGs in comparison

to the spectroscopic sample of SMGs examined by Smail et al. (2004), and local ULIRGs

from Kim et al. (2002) and Stanford et al. (2000). The apparent K-band magnitudes of

our AzTEC sample are consistent with their estimated redshifts, when compared with

spectroscopic SMG surveys and local ULIRGs, suggesting that our photometric redshifts

are reasonable. The general agreement between our photometric redshift analysis, BzK

and K-band magnitudes supports the derived redshifts of the AzTEC sources.

The potential cluster members, MMJ 045421.55 and MMJ045431.35, are discussed in

detail here. The other identified SMGs are examined in Appendix 3.5.

MMJ 045421.55 MMJ 045421.55 is identified through radio emission 2.2 arcsec from

the AzTEC centroid, which lies between two optical galaxies (2.1 and 1.6 arcsec from the

northern (C1) and southern (C2) galaxies, respectively). There is also an IRAC source at

the location of the radio emission, which appears slightly extended towards C2 (Fig. 3.9).

The three possible explanations for this system are: C1 and C2 are interacting and both

millimetre bright; C2 is the millimetre counterpart; or neither C1 nor C2 are responsible

for the millimetre emission. Each of these possibilities is discussed below.

Individual photometric analysis of C1 and C2 (excluding the IRAC information) sug-

gests that they are both potential cluster members, and with a separation of 2.6 arcsec

- corresponding to ∼ 17 kpc at z = 0.54 – they could be in the early stages of a merger.

Although high-resolution (0.1 arcsec) archival HST F814W imaging shows no evidence

of disturbance (Fig. 3.9), the expected tidal tails can be low surface brightness features,
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Figure 3.9: Images of the potential cluster SMG MMJ045421.55; north is up and east is

to the left. The left-hand and central panels are 25 × 25′′, and the right-hand panel is

20 × 20′′; radio contours are shown on the left-hand panel. The circle is 20′′ in diameter

and centered on the AzTEC position; the square is the radio counterpart and the diamond

shows the location of the 24-µm identification. C1 and C2 are visible to the north and

east of the radio counterpart, respectively in the optical and HST images.

making them difficult to detect. Such interactions are widely known to trigger dusty

starbursts in which the radio emission appears to be located between the optical nuclei

(e.g. systems similar to VV 114; Frayer et al. 1999; Le Floc’h et al. 2002; Iono et al. 2004).

With the aim of measuring redshifts we targeted C1 and C2 with the ISIS long-slit

spectrograph on the WHT during service time in 2009 February. The total integration

time was one hour in σ = 1.1-arcsec seeing and standard reduction techniques were

employed. A faint continuum was observed (the two targets are blended), but no features

suitable for redshift measurement were detectable. A possible faint (∼ 2σ) emission

feature at 7852 Å is visible, which, if real, is most likely to be [OIII] λ5007 Å at z = 0.568

– placing the galaxy in a small group that is known to exist just behind the cluster.

However, the feature is tentative.

On the assumption that C1 and C2 lie at the same redshift, and that the millimetre,

radio and IRAC fluxes are emitted from a merging system as described above, we combine

the optical fluxes from C1 and C2. The optical to near-infrared photometric redshift of

the whole system is z = 0.50+0.05
−0.10 which, as shown in Fig. 3.8, agrees with the z versus

K ULIRG trend. Therefore, if C1 and C2 are an interacting system, MMJ 045421.55 a

possible cluster member.

The radio counterpart lies only 2.6σ from C2 (compared to 3.5σ from C1), and the
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Figure 3.10: Images of the potential cluster SMG MMJ 045431.35; layout and symbols

as in Fig 3.9. Two, apparently merging, galaxies are resolved in the HST image and

we suggest this interaction triggered a dusty starburst and consequently the millimetre

emission.

IRAC emission of MMJ045421.55 appears extended towards C2. Therefore, in the situa-

tion where C1 and C2 are unassociated we find it most likely that the C2 is the counterpart

to the IRAC, radio and millimetre flux. In this case we obtain a photometric redshift of

z = 0.51+0.07
−0.05 – once again placing MMJ 045421.55 in the redshift range of MS0451−03.

Based on the intrinsic faintness of many SMG counterparts it is feasible that the iden-

tified radio and IRAC emission arises from an optically faint background galaxy, unrelated

to C1 and C2, and undetectable in our observations. Previous SMG surveys have con-

fused low redshift galaxies with the source of sub-mm emission due to the lensing of the

background source (e.g. Chapman et al. 2002). In these situations it is only possible to

distinguish between a lensed background galaxy and a foreground cluster member through

the detection of the faint optical counterpart in deeper imaging, or by the detection of

CO emission lines.

MMJ 045431.35 The counterpart to MMJ 045431.35 is securely identified 5.4 arcsec

from the AzTEC centroid through its radio emission. The source is detected in all our

Spitzer and ground-based imaging and resolved in the HST F814W image into merging

galaxies with centroids separated by ∼ 1.6 arcsec (∼ 10 kpc at z = 0.54) and tidal tails

between them (Fig. 3.10). We suggest that a dusty starburst triggered by the interac-

tion between the two galaxies is causing the millimetre emission from this system. The

photometric redshift is calculated as z = 0.60 ± 0.11, making MMJ045431.35 a possible

cluster member.
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If MMJ045421.55 and MMJ 045431.35 are cluster members at z = 0.54 SED-fitting

suggests they each have LFIR ∼ 5×1011L� and thus SFR∼ 50 M�yr−1. We also find that

they are colder than typical z ∼ 2 SMGs, with dust temperatures of Td = 15 ± 4 K (for

β = 1.5), or Td = 30±5 K (for β = 1.1), compared to Td ∼ 40 K and β = 1.5 for archetypal

SMGs. Such properties are not unprecedented – both the spectroscopic survey of SMGs

by Chapman et al. (2005), and our photometric survey of the SMGs in the ECDFS

(Chapter 5) contain examples of sources with equivalent millimetre-to-radio flux ratios

at z ∼ 0.5, suggestive of galaxies containing cold dust. Similarly, in the SCUBA Local

Universe Galaxy Survey (SLUGS) Dunne et al. (2000) surveyed local IRAS-bright galaxies

with SCUBA at 850 µm and utilised the combined IRAS and SCUBA photometry for SED

fitting. This sample of local galaxies has average Td = 35.6 ± 4.9 K, and β = 1.3 ± 0.2.

Indeed, cold low-redshift galaxies are easier to detect at 850 µm or 1.1-mm than their

hotter counterparts. This is because colder dust produces emission which peaks at longer

wavelengths than hot dust (Blain et al. 2002). Therefore, we do not find it unreasonable

that one or both of MMJ 045421.55 and MMJ 045431.35 are cluster members at z = 0.54

with Td ∼ 30 K and β = 1.1.

If both MMJ 045421.55 and MMJ045431.35 are members of MS 0451−03, their com-

bined SFR is ∼ 100 M�yr−1 – a significant fraction of the SFR of all the cluster galaxies

within 2 Mpc (200± 100M�yr−1; Geach et al. 2006) MMJ045431.35 lies ∼ 2.6 Mpc from

the cluster centre (about half of the turnaround radius), but MMJ045421.55 is much

closer to the centre: ∼ 1 Mpc in projection. Notably, both of these systems are possible

interacting pairs. Although not conclusive, if they are both cluster members, this suggests

that the galaxy pairs could have been accreted into the cluster – suggesting that accreted

galaxies can retain their gas reserves during infall into clusters (Geach et al. 2009).

3.3.4 Cluster and field SEDs

To better test the evolution of the star-forming population in galaxy clusters in relation to

a growing passive population (e.g. Chapter 2) we also investigate obscured star-formation

of the general galaxy population in MS0451−03. We can study galaxies that are below

the flux limit of our AzTEC map by stacking fluxes at the positions of known cluster

galaxies. Optical galaxies in MS0451−03 were morphologically classified by Moran et al.

(2007a) using the scheme defined by Abraham et al. (1996), which we group into 148

early-types and 167 late-types for this analysis. We also define a mid-infrared sample
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Figure 3.11: Clipped weighted-average SEDs of the 24µm, late- and early-type populations of MS 0451−03 and the field. In the case of non-

detections the 3σ noise limit is marked by arrows. The field populations are shown at their mean redshifts of 0.58, 0.46, and 0.39 for the

mid-infrared galaxies, late- and early-types and respectively. We also show the best-fitting SEDs and corresponding SFRs (Kennicutt 1998) from

Dale & Helou (2002) for the mid-infrared and late-type galaxies; since the early-type populations are only detected at 1.4 GHz we cannot select

one best-fitting SED and instead display all the Dale & Helou (2002) SEDs on this panel. Although the observed populations have similar activity

levels, in the late-type galaxies this is due to the flux limits of our observations and the different luminosity distances between the samples. If

the cluster and field late-type populations were equivalent, the cluster should have SFR ∼ 3 times higher than observed. We deduce that the

cluster environment has caused a reduction in the SFR of this population, and that these galaxies are probably in the process of transformation

onto the red-sequence, similarly to those discussed in Chapter 2.
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Table 3.5: Parameters and results of stacking on known cluster and field galaxies in the 24 µm, 1.1 mm and 1.4 GHz maps. SFRs are based on

SED fits, except for the early-type galaxies, which are based purely on 24 µm detection limits. Non-detections are represented by 3σ limits. Since

the samples are flux limited and have various median redshifts we also present the expected observed SFR of the field mid-infrared and late-type

samples were they to have zmedian = 0.54 (§3.3.4). Differences between this value and the observed cluster SFR for the late-type galaxies suggests

that the cluster late-type population is less active than the field late-type population.

Population N24µm
a S24µm

b N1.1mm
a S1.1mm

b N1.4GHz
a S1.4GHz

b zmedian SFR SFR

(z = 0.54)

(µJy) (µJy) (µJy) (M�yr−1) (M�yr−1)

Cluster mid-IR galaxies 14 222 ± 18 14 < 970 15 41.1 ± 1.6 0.54 16.5 ± 0.6 16.5 ± 0.6

Field mid-IR galaxies 84 331 ± 21 94 340 ± 130 89 26.8 ± 1.1 0.58 17.0 ± 0.7 12.6 ± 2.8

Cluster late-type 167 38.4 ± 7.7 131 < 340 162 5.2 ± 0.6 0.54 2.3 ± 0.1 2.3 ± 0.1

Field late-type 315 34.4 ± 7.1 309 < 230 355 8.0 ± 0.6 0.46 3.0 ± 0.3 7.8 ± 1.1

Cluster early-type 148 < 1.0 106 < 390 144 3.2 ± 0.4 0.54 < 0.07 < 0.07

Field early-type 35 < 2.1 32 < 530 40 10.9 ± 0.9 0.28 < 0.03 < 0.19

aThe number of galaxies used in the stacking – excluding those close to the edge, off-image, or near detected sources

bClipped weighted-average flux
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of 14 galaxies which are bright at 24 µm, based on the catalogue of Geach et al. (2006)

with S24µm > 200 µJy. To reduce contamination we consider only those galaxies with

spectroscopic redshifts and to search for environmental dependencies we also examine

spectroscopically identified field galaxies. The cluster members are required to have 0.52 <

z < 0.56 and the field population is outside this window. The field samples have median

redshifts of 0.58, 0.46, and 0.28 with interquartile ranges of z = 0.33–0.82, 0.26–0.62, and

0.20–0.51 for the 84 mid-infrared galaxies, 315 late-types and 35 early-types respectively.

For each of these six samples we stack the MIPS 24 µm, AzTEC 1.1 mm and VLA

1.4GHz fluxes. We note that the galaxy samples are optical magnitude limited due to

the requirement for a spectroscopic redshift. Therefore, the stacked SEDs may not be

representative of the entire population, in particular the most obscured galaxies are likely

to fall below the optical magnitude limit. However, we expect such selection effects to

equally affect the cluster and field samples allowing us to compare populations between

the two environments.

Any galaxies within 9 arcsec (the radius of the AzTEC beam) of an AzTEC map pixel

with S/N> ±3.5 are removed prior to stacking the AzTEC map. The contribution from

each AzTEC-faint galaxy is weighted by the inverse of the squared noise at that pixel to

calculate the weighted mean 1.1-mm flux of each population. Similarly we calculate the

clipped weighted mean radio flux of each sample using our 1.4 GHz VLA map, correcting

for bandwidth smearing, and also stack 24 µm emission in the same way. The results of

the stacking are given in Table 3.5 and the SEDs are presented in Fig. 3.11.

We fit the mid-infrared and late-type galaxies with template SEDs from Dale & Helou

(2002) and calculate the corresponding SFRs based on the far-infrared luminosity (Ken-

nicutt 1998). Mid-infrared cluster galaxies without bright AzTEC counterparts have

SFR = 16.5 ± 0.6 M�yr−1 which is consistent the SFR estimate of 17.0± 0.7 M�yr−1for

the mid-infrared field population. In contrast, the late-type galaxies in the field have

SFR = 3.0 ± 0.3 M�yr−1, compared to SFR = 2.3 ± 0.1 M�yr−1 in the cluster. Both

cluster and field early-type populations are undetected at 1.1 mm and 24 µm and SED

fitting to the 24 µm limits suggest, on average, SFR< 0.06 M�yr−1.

Since our samples are flux limited, the different redshift distributions will affect the

derived SFR. The extent of this effect on our results is tested by calculating an observed

SFR for each sample by fitting templates with S24µm = 200 µJy at the redshift of the

galaxies included in the stacks. Due to the generally higher redshift of the field sample,

we find that identical mid-infrared populations would be observed with SFR 0.74 ± 0.16
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times lower in the cluster than the field. In fact the stacked cluster population is observed

with SFR 0.97± 0.05 times lower than the field population, therefore, to within ∼ 1σ the

mid-infrared samples are consistent. However, the equivalent test for late-type galaxies,

where the field sample is, on average, lower redshift, suggests that, due to the different

luminosity distance, identical populations in our analysis would appear 2.6 times more

active in the cluster than in the field. In fact, the cluster late-type galaxies are less active

than the field. Therefore, the cluster environment is suppressing star-formation activity

in the late-type population, transforming galaxies onto the CMR as studied in Chapter 2.

Geach et al. (2006) estimated the total SFR within 2 Mpc of the core of MS 0451−03

as 200±100 M�yr−1, based on converting 24 µm fluxes of colour-selected 24-µm detected

galaxies to total IR luminosities with the average SED from Dale & Helou (2002). Our

analysis presented in this paper includes radio and 1.1 mm data enabling us to better

characterise the cluster populations, and by stacking we can probe a fainter population.

Within 2 Mpc of cluster core we calculate SFR> 315± 50 M�yr−1 from the spectroscop-

ically confirmed mid-infrared and late-type galaxies. To this we can then add 50 M�yr−1

for MMJ 045421.55, the potential ULIRG within 2 Mpc of the cluster core.

3.4 Conclusions

In this study we have investigated the dust-obscured star-forming population of the galaxy

cluster MS0451−03; we utilise 1.1-mm observations to study obscured star-formation

in MS0451−03. We present a σ ∼ 1.1 mJy AzTEC map of the central 0.1 deg2 of

MS0451−03, within which 36 sources are detected at S/N> 3.5. We use radio, 24 µm,

IRAC and SMA observations to precisely locate 18 of these SMGs.

We calculate the reliability of photometric redshifts for SMGs and find that they are

able to remove the bulk of background contamination, We then use photometric redshifts

to isolate potential cluster members using our optical, near- and mid-infrared photom-

etry. Based on these redshifts we find two SMGs which are possible cluster members:

MMJ045421.55 and MMJ 045431.35. These systems are both resolved into close pairs of

galaxies by our ground-based and HST imaging, suggesting that interactions have trig-

gered their starbursts. If they are cluster members both of these SMGs contain cold dust

with Td ∼ 30 K, for β = 1.1 (similar to SLUGS galaxies; Dunne et al. 2000) and have

SFRs of ∼ 50 M�yr−1 each, and will likely transform onto the cluster red-sequence as

the starburst extinguishes.
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Geach et al. (2006) compared obscured activity, based on 24µm emission, in MS0451−03

and Cl 0024+16 at z = 0.39, and found that Cl 0024+16 has SFR ∼ 5 times that of

MS 0451−03 within 2 Mpc of the clusters centres. They show that, taking into account

the slightly different redshifts and masses of these two structures, MS 0451−03 is underac-

tive and Cl 0024+16 overactive at 24µm. Therefore, it is likely the other galaxy clusters,

including Cl 0024+16, could contain ULIRGs in significantly larger numbers than we find

in MS0451−03. Indeed, since this work was undertaken BLAST (Braglia et al. 2010) and

Herschel (Haines et al. 2010; Pereira et al. 2010; Rawle et al. 2010; Smith et al. 2010) ob-

servations at 100–500µm of clusters at z ∼ 0.1–0.3 have been published. All the clusters

contain spectroscopically confirmed members that are bright at 100–500µm, although due

to the shorter wavelength selection not all are LIRGs or ULIRGs. Indeed the majority

appear to be late-type spirals and the remaining significant fraction are dusty red galaxies

(Haines et al. 2010). It is suggested that the majority of the submillimetre-bright galaxies

are located in the cluster outskirts, or in groups of infalling galaxies (Pereira et al. 2010).

To further investigate the obscured star-forming population which lies below the limit

of our AzTEC observations we create composite SEDs of spectroscopically confirmed mid-

infrared, early- and late-type cluster members and compare them to the corresponding

field populations. As expected we find that both early-type populations are undetected

at both 24 µm and 1.1 mm and so are unlikely to be actively forming large numbers

of stars (< 0.1 M�yr−1). The 24 µm galaxies are significantly more active than the

morphologically classified late-types with SFRs ∼ 15 M�yr−1 versus ∼ 3 M�yr−1 on

average, although the late-type galaxies are more numerous and therefore overall represent

a higher fraction of the clusters SFR. The typical brightness of these 24-µm and late-type

galaxies suggests that by z ∼ 0.2 they could fade and transform into the red-sequence

galaxies studied in Chapter 2. We find that the star-formation activity in the cluster

late-type population, compared to a redshift-matched field population is quenched and

∼ 3 times lower than expected. Mid-infrared galaxies do not show this trend suggesting

the more intense activity in these systems is more robust to environmental influences.

We find that the total SFR > 315 ± 50 M�yr−1 in the central 2 Mpc of MS0451−03.

However, if MMJ 045421.55 is a cluster member it has SFR ∼ 50 M�yr−1 and lies 1 Mpc

from the cluster centre, taking the total SFR within 2 Mpc to & 360 M�yr−1.
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Figure 3.12: 25 × 25 arcsec images centred on each AzTEC galaxy are shown in the left-

hand and middle panels; north is up and east is to the left. In the left-hand panel we

show Subaru data: BVR colour images with solid radio contours at -3 (dotted), 3, 4, 5, 6,

7, 8, 9, 10×σ are overlayed. The middle panel contains true-colour images containing the

IRAC 3.6 + 4.5 (blue), 5.8 (green) and 8.0 µm (red) data; dashed contours present 24 µm

flux at 5, 10, 20, 30, 40, 50, 100, 200, ...1000×µJy per pixel and the right-hand panel

contains 20×20 arcsec HST F814W cutouts centered at the AzTEC position. In all images

circles are centred on the AzTEC positions and have 20 arcsec diameter, corresponding

to our radio and mid-infrared search radius. 24µm and radio counterparts are highlighted

with diamonds and squares respectively; dotted symbols represent tentative counterparts

(with 0.05 < p 6 0.10) and the sizes of the symbols are representative of the typical

astrometric errors of these data. We mark the positions of SMA detected sources with

stars and X-ray sources (Molnar et al. 2002) with crosses.
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Figure 3.12: – continued
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Figure 3.12: – continued

3.5 Appendix: Notes on Individual Sources

In Fig. 3.12 we present images centered on each AzTEC source, in order of decreasing

S/N. We show Subaru and IRAC colour, and HST images, with radio and 24 µm contours.

Identified galaxies are labelled and discussed below.

1. MMJ 045438.96: SMA observations of this galaxy confirm the identified radio and

24-µm counterparts. The corresponding red optical and IRAC source at zphot = 3.42+0.07
−0.05

has a disturbed morphology in the HST image.

2. MMJ 045447.55: This galaxy has been located with the SMA but does not have any

radio or 24 µm counterparts, or optical or IRAC galaxies at the SMA position. Therefore,

MMJ0455447.57 could be one of a population of very distant SMGs, or be much cooler

and more obscured than typical SMGs. In Chapter 5 we use SMGs in the ECDFS and the

large number of sources with photometric redshifts in this field to statistically investigate

the redshift distribution of unidentified SMGs, such as MMJ 045447.55.

3. MMJ 045433.57: SMA observations confirm the identified radio and 24-µm coun-

terparts, corresponding to an optically faint but near-infrared bright galaxy with zphot =

2.55+0.06
−0.09. The HST image shows three components to this system, and their interaction

is the likely cause of the ULIRG.
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4. MMJ 045431.56: There is a robust extended radio counterpart 9.5 arcsec from the

1.1 mm centroid, which also corresponds to faint 24-µm emission and the coincident red

galaxy is at zphot = 0.86+0.04
−0.03. The HST image of this region shows a galaxy with a

bright core and a low surface-brightness tail or edge-on spiral arm. However, the picture

of this SMG is complicated by the presence of a statistically tentative 24-µm counter-

part 9.1 arcsec from the 1.1 mm centroid which is unassociated with the aforementioned

radio emission. The 24 µm position is coincident with an extended red IRAC galaxy,

which is undetected in the optical. Further complexity arises from the SMA observation;

MMJ045431.56 was targeted but not formally detected. However, the SMA data does

contain two potential sources. One is close to an extended ∼ 3σ peak in the radio map

and ∼ 3.7 arcsec from the AzTEC centroid and unassociated with either the radio or

24 µm counterparts previously discussed. There also appears to be red IRAC emission at

this position, which may be from a nearby elliptical, but the geometry suggests that it

is more likely to originate from one or both of two optical galaxies, which are unresolved

in the HST image. The other potential SMA source is ∼ 5 arcsec from the tentative 24-

µm counterpart and is coincident with part of the extended IRAC source at this position.

The true origin of millimetre flux from MMJ045431.56 will likely only identified in deeper

interferometric (sub-)millimetre data than is currently available.

5. MMJ 045421.55: We find reliable coincident radio and 24 µm counterparts, corre-

sponding to two optical galaxies separated by 2.6 arcsec, which are possible interacting

cluster members (zphot = 0.50+0.05
−0.10). The system is discussed in detail in §3.3.3.3.

6. MMJ 045417.49: Both 24-µm and strong radio counterparts are detected although

the presence of a nearby, bright star prevents optical and near-infrared study. Although

the stellar halo is less extended in the HST image no counterpart is visible.

7. MMJ 045413.35: The radio and 24 µm identification agrees with a 2–3σ peak in the

890 µm ‘dirty’ SMA map. Unfortunately this source lies outside of the IRAC and much

of the ground-based optical coverage, although a galaxy is detected in the U-band and

HST imaging, indicating that it is at z . 3.

8. MMJ 045412.72: This source is potentially part of the gravitationally lensed arc

from Borys et al. (2004). Our optical imaging is too shallow to detect the ERO discussed

in Borys et al. (2004), but radio and extended IRAC emission betrays the likely counter-

part.

9. MMJ 045345.31: There are two secure radio and one 24 µm counterparts. One of

the radio galaxies corresponds to the 24 µm position. The IRAC source is blended with
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the emission from an optically saturated star making further conclusions difficult. It is

unclear whether the one of the radio counterparts is actually emission from the star, or a

background source.

10. MMJ 045407.14: We find coincident robust radio and 24 µm counterparts which

are located in a red region at the edge of a bright, resolved galaxy which appears disturbed

in the HST image and has zphot = 0.35+0.05
−0.03. The morphology of the galaxy suggests that

a merger has triggered a dusty starburst region, causing the millimetre emission. The

large size and optical brightness support the low redshift of this galaxy, although if the

photometric redshift errors are underestimated it could potentially be a cluster member.

Similarly, it is also possible that a background galaxy that is unrelated to the foreground

galaxy is the source of the millimetre emission. The detection of CO emission lines is

required to confirm either scenario.

12. MMJ 045426.76: There are no radio or 24-µm counterparts identified. However,

an IRAC galaxy has colours consistent with those of SMGs.

15. MMJ045328.86: A 24 µm counterpart is detected 3.8 arcsec from the AzTEC posi-

tion, corresponding to an IRAC source, but there is no detectable optical flux. The IRAC

photometry yields zphot = 1.87+0.62
−0.85. There is coincident faint radio emission (∼ 3σ) at

the position of the 24 µm counterpart, increasing the likelihood that this is the correct

identification.

17. MMJ 045431.35: A radio counterpart 4.8 arcsec from the AzTEC position co-

incides with a pair of merging galaxies which are resolved in the HST image and have

zphot = 0.60 ± 0.11; this possible cluster ULIRG is discussed further in §3.3.3.3.

18. MMJ 045411.57: 24-µm emission betrays the source of the millimetre emission

as a galaxy with zphot = 0.74+0.06
−0.11. This 24-µm source is resolved in the HST image as

an interacting pair, separated by < 1 arcsec. The photometric redshift includes IRAC

photometry from a red source with coincident radio emission that is (∼ 3σ) ∼ 2.3 arcsec

to the northeast of the 24 µm identification, although it is possible that the radio and

IRAC source is unrelated to the optical emission, in this case we can only constrain the

redshift to zphot > 1.14.

26. MMJ 045349.69: A faint optical galaxy with zphot = 1.33+0.03
−0.10 corresponds to the

robust 24-µm counterpart. The galaxy is undetected by HST and the region is not cov-

ered by our IRAC mosaic.

27. MMJ 045421.17: The 24-µm counterpart is coincident with both faint radio emis-

sion and a faint red galaxy at zphot = 1.80+0.25
−0.26, which the HST imaging resolves into a
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bright nuclear region and some extended emission.

28. MMJ 045345.06: The galaxy is tentatively identified through its 24-µm emission,

which is coincident with faint radio flux; our IRAC mosaic does not cover the counterpart,

but optical and near-infrared photometry yields zphot = 1.89+0.35
−0.84.

29. MMJ 045442.54: Although there are no radio or 24-µm counterparts MMJ 045442.54

is identified from its unusual IRAC colours and the photometry of the corresponding faint

galaxy yields zphot = 1.09 ± 0.15.

30. MMJ 045444.75: This SMG does not have any formal counterparts and is not

included in the analysis in this work. However, based on the IRAC selection that is de-

rived and verified in Chapter 4 (see also Biggs et al. 2010), there is a > 90% probability

that the red optical galaxy ∼ 4.5′′ to the south-west of the AzTEC centroid is the likely

counterpart.



Chapter 4

Calculating the photometric

redshifts of SMGs

4.1 Introduction

In Chapters 5 and 6 we investigate the redshift distribution, star-formation evolution

and clustering of dusty starburst galaxies that are identified through their submillimetre

emission (termed submillimetre galaxies; SMGs). To be able to thoroughly and accu-

rately investigate such properties a measure of their redshifts is required. However, as

discussed in Chapter 3 SMGs contain significant quantities of dust, which reprocesses

the emission from their starbursts and thus causes their characteristic large far-infrared

luminosities, and simultaneously obscures the UV, optical and near-infrared light, mak-

ing measuring the spectroscopic redshifts of SMGs challenging and expensive (e.g. Barger

et al. 1999; Chapman et al. 2005). In place of spectroscopic redshifts various photometric

techniques have been employed, including submillimetre-to-radio flux ratios (e.g. Carilli

& Yun 1999; Smail et al. 2000; Ivison et al. 2004, 2007; Aretxaga et al. 2007; Biggs et al.

2010) and optical/near-infrared photometric redshifts (e.g. Chapter 3 Pope et al. 2005;

Clements et al. 2008; Dye et al. 2008). However, redshifts inferred from submillimetre-

to-radio flux ratios are unreliable because redshift and dust temperature are degenerate

in submillimetre-to-radio flux ratio (Blain et al. 1999), and as we show in Chapter 5, this

leads to significant errors on the derived redshifts. For this reason we focus here on the

use of optical/near-infrared photometric redshifts.

Typically studies of SMGs do not have both spectroscopic and photometric infor-

mation (e.g. Hainline et al. 2010) so the photometric redshifts of SMGs have not been

79



4. Calculating the photometric redshifts of SMGs 80

extensively tested. Often results from optical and near-infrared SED fitting codes, such

as Hyperz (Bolzonella et al. 2000a) and Impz (Babbedge et al. 2004), are compared to

those from other, apparently cruder, methods of redshift estimation – such as the radio

to far-infrared -(sub)-mm spectral indices (e.g. Carilli & Yun 1999; Yun & Carilli 2002;

Aretxaga et al. 2003; Clements et al. 2008). There are two main problems with this ap-

proach – firstly, the comparison is made with a set of results which themselves are not

known to be correct, and secondly, the errors on the comparison redshifts are typically

large, such that a general agreement can be confirmed but nothing more. In cases where

spectroscopic information has been obtained for a sub-sample of galaxies, typically the

samples are small (e.g. Chapter 3; Dye et al. 2008), or the SMGs lie at unusually low

redshifts (e.g. Pope et al. 2005).

In this Chapter we expand on our analyses in Chapter 3 to further test and refine

photometric redshift estimates of SMGs. We test the photometric redshifts on a sample

of 30 SMGs detected in an 870-µm survey of the ECDFS that have spectroscopic redshifts

and then apply the same methods to derive photometric redshifts for SMGs from the same

survey for which spectroscopic redshifts are currently unavailable. The ECDFS has deep

17-band photometry, so in addition to being a larger sample than that in Chapter 3, this

sample has significantly more photometric information available for SED fitting. As in

Chapter 3 we employ the Hyperz photometric redshift code and investigate the optimum

input parameters for the reliable determination of photometric redshifts of SMGs. In

Chapters 5 and 6 we use the photometric redshifts derived in this Chapter to investigate

the properties of SMGs detected in an 870-µm survey of the ECDFS.

The layout of this Chapter is as follows: in § 4.2 we introduce the sample and avail-

able data. In § 4.3 we determine the most reliable parameters for photometric redshift

estimation of SMGs and calculate the photometric redshifts for 870-µm selected SMGs in

the ECDFS. Our conclusions are presented in § 4.4 and the best-fit SEDs to the ECDFS

SMGs are shown in Appendix 4.5.

4.2 Sample selection

Our parent sample is the 126 SMGs detected in the Extended Chandra Deep Field South

(ECDFS) by the Large APEX BOlometer CAmera (LABOCA; Siringo et al. 2009) on

the Atacama Pathfinder EXperiment (APEX; Güsten et al. 2006) 12-m telescope in the

LABOCA ECDFS Submillimetre Survey (LESS; Weiß et al. 2009). LESS mapped the
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full 30′ × 30′ ECDFS at 870-µm to a noise level of σ870µm ≈ 1.2 mJy beam−1, for a beam

with angular resolution of 19.′′2 and detected 126 SMGs at > 3.7σ significance (equivalent

to a false-detection rate of ∼ 4%, Weiß et al. 2009).

Radio and 24-µm counterparts to LESS SMGs were identified by Biggs et al. (2010)

who (similarly to Chapter 3) used the corrected Poissonian probability (p; Downes et al.

1986) to calculate the probability that sources within the vicinity of each SMG is unas-

sociated with the submillimetre emission. A radius of 3σ (where σ is the error on the

870-µm position) is used to search for SMG counterparts. Since σ is a function of the

deboosted submillimetre flux this formulation leads to a search radius that varies on a

source by source basis.

We briefly describe the radio and 24-µm catalogues used for source identification

here, and refer the reader to Biggs et al. (2010) for more details. The radio catalogue is

extracted from the VLA 1.4-GHz map published in Miller et al. (2008), which is a mosaic

of six separate points of ∼ 5 hours each, and reaches σ ∼ 6.5 µJy beam−1 at the deepest

points. The catalogue published in Miller et al. (2008) only reaches 7σ; since SMGs can be

radio-faint we perform our own source extraction from the Miller et al. (2008) map, which

reaches depths of 3σ. Similarly to submillimetre and millimetre observations, simulations

show that flux boosting is important for the faintest radio sources, so a correction for

flux boosting is applied to each radio source. The 24-µm data is obtained from the Far-

Infrared Deep Extragalactic Legacy Survey (FIDEL; Dickinson et al. in prep.). Catalogues

are created without priors and using the daophot package in iraf; sources brighter than

∼ 30µJy are found to be relaible, so we cut our catalogues are 30µJy.

Once radio and 24-µm counterparts are identified we use those with p 6 0.05 to

determine the photometric properties of typical SMG counterparts in an effort to identify

additional counterparts in the IRAC imaging. We follow the example of Pope et al.

(2006) and in Fig. 4.1 plot the IRAC 5.8/3.6-µm colour against the 5.8-µm flux (§ 4.2.1)

for field galaxies, LESS radio and 24-µm selected counterparts, and galaxies within 3σ

radius of SMGs without radio or 24-µm counterparts. We find that applying limits

of log10(S5.8(µJy)) > 0.75 and log10(S5.8/S3.6) > −0.05 simultaneously maximises the

number of radio and 24-µm counterparts recovered whilst limiting the contamination

from field galaxies to 10%. We apply these IRAC selection criteria to the error circles of

SMGs without radio or 24-µm counterparts and then calculate p for the selected IRAC

sources.

Following convention we consider robust counterparts as those with p 6 0.05 in one
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Figure 4.1: 3.6- and 5.8-µm colour-flux diagram for IRAC-selected galaxies in the ECDFS.

We highlight secure radio and 24-µm SMG counterparts (p 6 0.05) and potential SMG

counterparts that lie within 3σ radius of SMGs without radio or 24-µm counterparts.

Typically SMG counterparts are redder than the field population, and we show the

IRAC counterpart selection region used in this work, compared to that from Pope et al.

(2006). The selection criteria in this work maximises the number of counterparts re-

turned whilst limiting the contamination from field galaxies to 10%, and corresponds to

log10(S5.8(µJy)) > 0.75 and log10(S5.8/S3.6) > −0.05.
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Table 4.1: Summary of the number of LESS SMG counterparts identified from radio,

24-µm and IRAC observations. Note that some counterparts are SMGs identified at more

than one wavelength, so the overall total are not simply the sum of the number of SMGs

identified in each band.

Robust Tentative

Radio 46 19

24-µm 36 24

IRAC 12 16

Totala 68b [74] 22 [25]

a Numbers in square brackets are the number of optical/near-infrared counterparts to

these identifications.

b There are 71 robust radio, 24-µm and IRAC counterparts, but only 68 of them have

detectable optical or near-infrared counterparts.

or more of the radio, 24µm, or IRAC datasets, or p = 0.05 – 0.10 in two or more;

tentative counterparts are those with p = 0.05 – 0.10 in only one of the three bands. In

total robust or tentative radio, 24 µm or IRAC mid-infrared counterparts are identified

to 93 (71 robust and 22 tentative) SMGs (Biggs et al. 2010). There are 74 robust and 25

tentative detectable optical and near-infrared counterparts to 91 of the identified SMGs in

new and archival imaging of the ECDFS (§ 4.2.1) and these are the galaxies studied in this

Chapter and in Chapters 5 and 6. Of the two counterparts that are not identified in our

optical and near-infrared imaging one, LESS35, lies beyond the extent of the imagaing;

the other, LESS46, is undected in the optical images but lies outside of the extent of the

IRAC data.

4.2.1 Optical and infrared photometry

SMGs typically have faint optical and near-infrared counterparts (e.g. Ivison et al. 2002)

so we require deep photometry for accurate photometric redshift estimates. The ECDFS

was chosen for the LESS survey because it is an exceptionally well-studied field, and as

such we are able to utilise data from extensive archival imaging and spectroscopic surveys.

A summary of our photometry is presented in Table 4.2. For completeness and uniformity

we only consider surveys that cover a large fraction of the ECDFS rather than the smaller

and deeper central CDFS region. Therefore, we utilise the MUltiwavelength Survey by
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Yale-Chile (MUSYC; Gawiser et al. 2006) near-infrared survey for U to K-band imaging

(Taylor et al. 2009b), and the Spitzer IRAC/MUSYC Public Legacy in ECDFS (SIMPLE)

imaging for Spitzer IRAC data (Damen et al. 2010). We also include U-band data from

the deep GOODS/VIMOS imaging survey of the CDFS (Nonino et al. 2009); although

this covers only ∼ 60% of LESS SMGs it is valuable for galaxies that are undetected at

short wavelengths in the shallower MUSYC survey.

In addition, we have carried out deep near-infrared observations in the J and Ks

bands with HAWK-I (Pirard et al. 2004; Casali et al. 2006; Kissler-Patig et al. 2008)

at the ESO-VLT (ID: 082.A-0890, P.I. N. Padilla). The ECDFS was covered with a

mosaic of 16 pointings in each band, with a total exposure time of 0.75 and 1.1 hours

per pointing, in the J and Ks bands respectively. The median seeing is 0.7′′ in J and

0.5′′ in Ks. Data reduction has been performed using an upgraded version of the official

ESO pipeline for HAWK-I, customized calibration has been obtained from observations

of photometric standard stars. More details and catalogues will be published in Zibetti

et al. (in preparation).

For accurate photometric redshifts we require consistent photometry in apertures

which sample the same emitting area in each of the 17 filters. For consistency between

surveys and to ensure that all detected SMG counterparts are included in this study we

extract photometry from the available survey imaging rather than relying on the cata-

logued sources. SMGs are typically brighter at mid-infrared than optical wavelengths due

to their high redshifts and extreme dust obscuration. Therefore, we use SExtractor

(Bertin & Arnouts 1996) to create a source list from a combined image of the four IRAC

channels, which is weighted such that a given magnitude receives equal contributions

from all of the input images. Real sources are required to have at least four contiguous

0.6′′ × 0.6′′ pixels with fluxes at least 1.5 times the background noise. In addition, we

visually check the area within 15′′ of each LABOCA source to ensure that no potential

SMG counterparts are missed. We next use apphot in iraf to measure the fluxes in 3.8 ′′

diameter apertures for each of the four IRAC bands. We then cut the catalogues to > 3σ

based on the background noise, and finally apply aperture corrections as derived by the

SWIRE team (Surace et al. 2005) to obtain total source magnitudes.

The resolution in the U- to K-band imaging is better than IRAC (FWHM 6 1.5′′

compared to ∼ 2′′ for IRAC) and so we convolve each U- to K-band image to match the

1.5′′ seeing of the worst band. We next use apphot to measure photometry in 3′′ diameter

apertures at the positions of the IRAC-selected sources. In all cases, we only allow apphot
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Table 4.2: Summary of photometry employed for photometric redshift calculation of LESS

SMGs.

Filter λeffective Detection limit Reference

(µm) (3σ; mag)

MUSYC WFI U 0.35 26.9 Taylor et al. (2009b)

MUSYC WFI U38 0.37 25.4 Taylor et al. (2009b)

VIMOS U 0.38 28.4a Nonino et al. (2009)

MUSYC WFI B 0.46 26.8 Taylor et al. (2009b)

MUSYC WFI V 0.54 26.7 Taylor et al. (2009b)

MUSYC WFI R 0.66 25.8 Taylor et al. (2009b)

MUSYC WFI I 0.87 24.9 Taylor et al. (2009b)

MUSYC Mosaic II z 0.91 24.5 Taylor et al. (2009b)

MUSYC ISPI J 1.25 23.6 Taylor et al. (2009b)

HAWK-I J 1.26 25.7 Zibetti et al. (in prep.)

MUSYC SofI H 1.66 23.0 Taylor et al. (2009b)

MUSYC ISPI K 2.13 22.7 Taylor et al. (2009b)

HAWK-I Ks 2.15 25.3 Zibetti et al. (in prep.)

SIMPLE IRAC 3.6µm 3.58 24.6 Damen et al. (2010)

SIMPLE IRAC 4.5µm 4.53 24.4 Damen et al. (2010)

SIMPLE IRAC 5.8µm 5.79 22.8 Damen et al. (2010)

SIMPLE IRAC 8.0µm 8.05 23.5 Damen et al. (2010)

aThe listed depth of the VIMOS U-band is that of the central region. The typical depth

in the shallower outskirts is 28.0 mag.
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to re-centroid the aperture if centroiding does not cause the extraction region to be moved

to a nearby source, as flagged by iraf’s CIER parameter when the centroid shift is > 0.5 ′′.

We have not performed any deblending of the photometry but examination of the images

suggests fewer than ∼ 10% of the SMG counterparts are affected. We note here that the

photometric extraction process is not restricted to SMGs and yields photometry (which

allows us to calculate and test consistent photometric redshifts) for IRAC-selected sources

throughout the ECDFS.

Finally, to ensure equivalent photometry between the IRAC and optical-to-near-

infrared filters we create simulated IRAC images of point sources. Using these images

we calculate that the correction between the measured IRAC total magnitudes and the

photometry extracted from 3′′ diameter apertures on 1.5′′ seeing images is −0.014±0.017

magnitudes, and as such we do not apply any systematic corrections to the IRAC mag-

nitudes at this stage. In §4.3.1 we calibrate the photometry prior to photometric redshift

calculation in a process which corrects for small residual offsets. The optical and infrared

photometry of the SMGs is given in Tables 4.3 and 4.4, respectively.

The median number of photometric filters per SMG counterpart is 15 and we require

detections in at least three photometric filters in order to calculate photometric redshifts.

Our final sample therefore contains 74 optical counterparts to the 68 robustly identified

SMGs with sufficient detectable optical-to-infrared emission. There are a further 25 ten-

tative counterparts to 23 SMGs that we do not use for testing the photometric redshifts,

but we do calculate the photometric redshift for use in Chapter 5.

30 of the robust SMG counterparts have available spectroscopic redshifts, which we use

to test and calibrate the derived photometric redshifts for SMGs. There are an additional

1796 galaxies and AGN in the field with spectroscopic redshifts, which we employ to

calibrate the photometry and test the reliability of the photometric redshifts of the field

population. The spectroscopic redshifts are obtained from archival surveys of the ECDFS

(Cristiani et al. 2000; Croom et al. 2001; Bunker et al. 2003; Dickinson et al. 2004; Le

Fèvre et al. 2004; Stanway et al. 2004; Strolger et al. 2004; Szokoly et al. 2004; van der

Wel et al. 2004; Zheng et al. 2004; Daddi et al. 2005; Doherty et al. 2005; Mignoli et al.

2005; Grazian et al. 2006; Ravikumar et al. 2007; Kriek et al. 2008; Vanzella et al. 2008;

Popesso et al. 2009; Treister et al. 2009; Balestra et al. 2010, Koposov et al. in prep.) and

also an on-going spectroscopic survey of LESS sources with the VLT (PID: 183.A-0666,

P.I. I. Smail), which will be published in full in Danielson et al. (in prep.).
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Table 4.3: Observed optical photometry for robust counterparts to LESS SMGs. 3σ

limiting magnitudes are presented where sources are observed but not detected; SMGs

which are not observed a given filter have no photometry listed in that band. The VIMOS

U , MUSYC U , U38, R, I and z band magnitudes have been corrected according to § 4.3.1.

Sourcea MUSYC U U38 VIMOS U B V R I z

LESS2a 25.67 ± 0.13 25.35 ± 0.32 25.19 ± 0.10 24.78 ± 0.05 24.65 ± 0.05 24.39 ± 0.09 24.08 ± 0.15 23.82 ± 0.17

LESS2b > 26.85 > 25.40 > 28.38 > 26.81 26.56 ± 0.29 > 25.79 > 24.94 > 24.48

LESS3 > 26.85 > 25.40 . . . > 26.81 > 26.68 > 25.79 > 24.94 > 24.48

LESS6 26.57 ± 0.27 > 25.40 28.11 ± 0.23 25.95 ± 0.15 24.94 ± 0.07 24.00 ± 0.06 22.91 ± 0.05 22.75 ± 0.07

LESS7 26.46 ± 0.25 > 25.40 26.29 ± 0.12 24.90 ± 0.06 24.08 ± 0.03 23.37 ± 0.04 22.22 ± 0.03 22.11 ± 0.04

LESS9 > 26.85 . . . > 28.38 > 26.81 > 26.68 > 25.79 > 24.94 . . .

LESS10a 26.29 ± 0.21 > 25.40 25.74 ± 0.11 25.53 ± 0.11 25.60 ± 0.13 25.05 ± 0.16 24.61 ± 0.23 > 24.48

LESS10b > 26.85 > 25.40 27.45 ± 0.14 26.66 ± 0.28 25.79 ± 0.15 24.28 ± 0.08 22.63 ± 0.04 22.36 ± 0.05

LESS11 > 26.85 . . . 27.86 ± 0.15 > 26.81 > 26.68 > 25.79 > 24.94 > 24.48

LESS12 > 26.85 > 25.40 > 28.38 > 26.81 > 26.68 > 25.79 > 24.94 > 24.48

LESS14 > 26.85 > 25.40 > 28.38 > 26.81 26.71 ± 0.32 > 25.79 > 24.94 > 24.48

LESS15 > 26.85 . . . . . . > 26.81 > 26.68 > 25.79 > 24.94 > 24.48

LESS16 25.04 ± 0.07 24.86 ± 0.21 24.83 ± 0.10 24.49 ± 0.04 24.01 ± 0.03 23.29 ± 0.03 21.79 ± 0.02 21.57 ± 0.02

LESS17 25.15 ± 0.08 25.25 ± 0.29 24.83 ± 0.10 24.47 ± 0.04 24.26 ± 0.04 23.94 ± 0.06 23.27 ± 0.07 23.05 ± 0.09

LESS18 26.11 ± 0.18 > 25.40 25.71 ± 0.11 25.52 ± 0.11 25.34 ± 0.10 25.30 ± 0.20 24.64 ± 0.23 24.41 ± 0.27

LESS19 > 26.85 > 25.40 27.01 ± 0.12 27.04 ± 0.35 26.39 ± 0.25 26.79 ± 0.62 > 24.94 > 24.48

LESS20 > 26.85 > 25.40 . . . 26.25 ± 0.20 25.66 ± 0.13 25.89 ± 0.33 > 24.94 > 24.48

LESS22 > 26.85 . . . . . . > 26.81 26.20 ± 0.21 25.60 ± 0.26 > 24.94 > 24.48

LESS24 > 26.85 > 25.40 . . . 25.53 ± 0.11 25.71 ± 0.14 25.15 ± 0.18 24.31 ± 0.18 24.71 ± 0.35

LESS25 . . . > 25.40 26.78 ± 0.13 26.02 ± 0.16 25.46 ± 0.11 25.04 ± 0.16 24.45 ± 0.20 24.25 ± 0.24

LESS27a > 26.85 > 25.40 . . . > 26.81 > 26.68 > 25.79 > 24.94 > 24.48

LESS27b > 26.85 > 25.40 . . . 26.14 ± 0.18 25.88 ± 0.16 25.35 ± 0.21 > 24.94 > 24.48

LESS29 > 26.85 . . . . . . > 26.81 > 26.68 > 25.79 > 24.94 > 24.48

LESS31 > 26.85 > 25.40 . . . > 26.81 > 26.68 > 25.79 > 24.94 > 24.48

LESS34 24.98 ± 0.07 24.69 ± 0.18 24.39 ± 0.10 24.09 ± 0.03 23.67 ± 0.02 23.06 ± 0.03 21.87 ± 0.02 21.57 ± 0.02

LESS36 > 26.85 > 25.40 . . . > 26.81 . . . > 25.79 > 24.94 > 24.48

LESS37 > 26.85 . . . . . . 26.19 ± 0.19 25.33 ± 0.10 24.18 ± 0.08 23.45 ± 0.08 . . .

LESS39 25.44 ± 0.10 > 25.40 . . . 25.17 ± 0.08 24.77 ± 0.06 24.15 ± 0.07 23.91 ± 0.13 23.41 ± 0.12

LESS40 24.82 ± 0.06 24.71 ± 0.19 24.54 ± 0.10 24.36 ± 0.04 24.07 ± 0.03 23.81 ± 0.05 23.36 ± 0.08 23.44 ± 0.12

LESS41 . . . . . . . . . . . . . . . . . . . . . . . .

LESS43 > 26.85 > 25.40 28.17 ± 0.21 > 26.81 > 26.68 > 25.79 > 24.94 > 24.48

LESS44 25.06 ± 0.07 24.77 ± 0.20 . . . 24.42 ± 0.04 24.32 ± 0.04 24.34 ± 0.09 24.58 ± 0.22 24.32 ± 0.25

LESS47 > 26.85 > 25.40 27.05 ± 0.13 26.31 ± 0.21 25.58 ± 0.12 25.26 ± 0.19 > 24.94 > 24.48

LESS48 . . . . . . > 28.38 . . . . . . . . . . . . . . .

LESS49a 26.26 ± 0.21 > 25.40 . . . 25.30 ± 0.09 25.22 ± 0.09 24.59 ± 0.11 24.07 ± 0.14 24.25 ± 0.24

LESS49b > 26.85 > 25.40 . . . 24.85 ± 0.06 24.56 ± 0.05 24.37 ± 0.09 24.13 ± 0.15 24.38 ± 0.26

LESS50a 24.34 ± 0.04 24.09 ± 0.11 23.95 ± 0.10 23.70 ± 0.02 23.38 ± 0.02 22.90 ± 0.02 22.19 ± 0.03 22.04 ± 0.03

LESS50b > 26.85 . . . 26.12 ± 0.12 26.17 ± 0.18 26.12 ± 0.20 25.90 ± 0.33 > 24.94 > 24.48

LESS54 > 26.85 . . . 26.97 ± 0.13 26.08 ± 0.17 26.33 ± 0.24 > 25.79 > 24.94 > 24.48

LESS56 > 26.85 > 25.40 > 28.38 > 26.81 > 26.68 > 25.79 > 24.94 > 24.48

LESS57 > 26.85 > 25.40 26.57 ± 0.12 25.14 ± 0.08 25.38 ± 0.10 24.96 ± 0.15 > 24.94 > 24.48

LESS59 > 26.85 > 25.40 27.66 ± 0.14 26.89 ± 0.33 26.67 ± 0.31 > 25.79 24.36 ± 0.19 > 24.48

LESS60 25.50 ± 0.11 25.12 ± 0.26 24.98 ± 0.10 24.95 ± 0.06 24.59 ± 0.05 24.08 ± 0.07 23.18 ± 0.07 22.87 ± 0.07

LESS62 26.55 ± 0.26 > 25.40 26.27 ± 0.12 25.55 ± 0.11 25.09 ± 0.08 24.44 ± 0.10 23.45 ± 0.08 23.56 ± 0.13

LESS63 25.39 ± 0.10 > 25.40 . . . 25.05 ± 0.07 24.69 ± 0.06 24.25 ± 0.08 23.28 ± 0.07 22.92 ± 0.08

LESS64 > 26.85 . . . > 28.38 26.53 ± 0.25 25.52 ± 0.12 24.29 ± 0.08 24.17 ± 0.16 24.44 ± 0.28

LESS66 21.03 ± 0.00 20.89 ± 0.01 . . . 21.18 ± 0.00 21.13 ± 0.00 20.79 ± 0.00 20.64 ± 0.01 20.23 ± 0.01

LESS67 26.14 ± 0.19 > 25.40 25.37 ± 0.10 24.85 ± 0.06 24.52 ± 0.05 24.42 ± 0.09 23.80 ± 0.11 23.74 ± 0.16

LESS70 25.19 ± 0.08 24.72 ± 0.19 24.56 ± 0.10 23.87 ± 0.02 23.78 ± 0.02 23.69 ± 0.05 23.61 ± 0.10 23.53 ± 0.13

LESS73 > 26.85 > 25.40 > 28.38 > 26.81 > 26.68 25.82 ± 0.31 24.38 ± 0.19 > 24.48

LESS74a > 26.85 . . . > 28.38 > 26.81 > 26.68 > 25.79 > 24.94 24.72 ± 0.35

LESS74b > 26.85 . . . 27.83 ± 0.15 > 26.81 > 26.68 > 25.79 25.04 ± 0.32 > 24.48

LESS75 25.14 ± 0.08 24.80 ± 0.20 . . . 23.86 ± 0.02 23.60 ± 0.02 23.42 ± 0.04 23.38 ± 0.08 23.50 ± 0.13

LESS79 26.37 ± 0.23 > 25.40 25.56 ± 0.11 25.16 ± 0.08 24.84 ± 0.06 24.54 ± 0.10 23.61 ± 0.10 23.74 ± 0.16

LESS81 25.94 ± 0.16 > 25.40 . . . 24.18 ± 0.03 23.73 ± 0.02 23.39 ± 0.04 22.79 ± 0.05 . . .

LESS84 26.42 ± 0.24 > 25.40 25.62 ± 0.11 25.10 ± 0.07 25.03 ± 0.08 24.89 ± 0.14 24.43 ± 0.20 > 24.48
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Table 4.3: – continued

Sourcea MUSYC U U38 VIMOS U B V R I z

LESS87 . . . . . . 25.52 ± 0.11 . . . . . . . . . . . . . . .

LESS88 26.78 ± 0.32 > 25.40 25.98 ± 0.11 25.42 ± 0.10 25.10 ± 0.08 24.98 ± 0.15 24.27 ± 0.17 24.43 ± 0.28

LESS96 21.92 ± 0.00 21.73 ± 0.01 21.32 ± 0.10 20.82 ± 0.00 20.62 ± 0.00 20.40 ± 0.00 19.99 ± 0.00 19.72 ± 0.00

LESS98 > 26.85 . . . . . . > 26.81 > 26.68 > 25.79 24.61 ± 0.23 24.64 ± 0.33

LESS101 > 26.85 > 25.40 27.28 ± 0.13 26.70 ± 0.29 26.20 ± 0.21 25.58 ± 0.25 > 24.94 > 24.48

LESS102 > 26.85 > 25.40 . . . 26.93 ± 0.34 26.24 ± 0.22 25.98 ± 0.35 24.97 ± 0.31 24.49 ± 0.29

LESS103 > 26.85 . . . . . . > 26.81 > 26.68 > 25.79 > 24.94 > 24.48

LESS106 > 26.85 > 25.40 . . . > 26.81 > 26.68 > 25.79 24.51 ± 0.21 24.38 ± 0.27

LESS108 21.25 ± 0.00 21.00 ± 0.01 20.82 ± 0.10 19.64 ± 0.00 19.11 ± 0.00 18.60 ± 0.00 18.02 ± 0.00 17.94 ± 0.00

LESS110 . . . . . . . . . . . . . . . . . . . . . . . .

LESS111 25.06 ± 0.07 25.03 ± 0.25 . . . 23.82 ± 0.02 23.31 ± 0.02 22.79 ± 0.02 22.38 ± 0.03 22.27 ± 0.04

LESS112 . . . . . . 26.98 ± 0.15 . . . . . . . . . . . . . . .

LESS114 25.31 ± 0.09 25.24 ± 0.29 24.98 ± 0.10 24.52 ± 0.04 24.21 ± 0.04 23.87 ± 0.06 23.05 ± 0.06 22.91 ± 0.07

LESS117 26.42 ± 0.24 > 25.40 . . . > 26.81 > 26.68 > 25.79 24.09 ± 0.15 . . .

LESS118 . . . . . . . . . . . . . . . . . . . . . . . .

LESS120 > 26.85 > 25.40 . . . 26.77 ± 0.30 25.99 ± 0.18 > 25.79 24.60 ± 0.23 23.79 ± 0.16

LESS122 24.83 ± 0.06 24.70 ± 0.19 24.42 ± 0.10 23.77 ± 0.02 23.44 ± 0.02 23.28 ± 0.03 22.94 ± 0.05 22.86 ± 0.07

LESS126 > 26.85 > 25.40 26.87 ± 0.12 26.32 ± 0.21 26.61 ± 0.30 25.87 ± 0.32 > 24.94 . . .

aSource names correspond to those in Table 4.5

4.3 Analysis and results

As we showed in Chapter 3 reliable photometric redshifts can be derived for SMGs us-

ing Hyperz with the included Bruzual & Charlot (1993) E, Sb, Burst and Im spectral

templates and reddening in the range of AV = 0–5. Therefore, we begin our analysis

of the photometric redshifts of LESS SMGs by using the E, Sb, Burst and Im spectral

templates, and reddening (Calzetti et al. 2000) of AV = 0–5 in steps of 0.2. Redshifts

between 0 and 7 are considered and galaxy ages are required to be less than the age of the

Universe at the appropriate redshift. In §4.3.5 we show that the Hyperz-derived galaxy

ages cannot be reliably determined, but we note here that the requirement for SMGs to

be younger than the Universe does not significantly affect the derived redshifts.

4.3.1 Calibrating the photometry and templates

Although, as discussed in § 4.2.1, we have taken care to extract accurate and reliable

photometry for LESS SMGs, some systematic errors may remain. It is also possible

that there may be systematic differences between the model SEDs and observed SEDs.

Therefore, prior to calculating photometric redshifts of the SMGs, we utilise the extensive

spectroscopy of numerous galaxies and AGN in the ECDFS to calibrate the model SEDs

with the observed photometry.

We test for any small systematic discrepancies between the photometry and model

SEDs by running Hyperz on 1796 galaxies and AGN with spectroscopic redshifts in
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Table 4.4: Observed near-infrared photometry for robust counterparts to LESS SMGs.

3σ limiting magnitudes are presented where sources are observed but not detected; SMGs

which are not observed in a given filter have no photometry listed in that band. The

J -band, 3.6- and 8-µm magnitudes have been corrected according to §4.3.1.

Sourcea MUSYC J HAWKI J MUSYC H MUSYC K HAWKI K 3.6µm 4.5µm 5.8µm 8µm

LESS2a 22.81 ± 0.16 22.88 ± 0.04 > 23.02 21.65 ± 0.13 22.18 ± 0.03 21.37 ± 0.07 21.18 ± 0.07 21.13 ± 0.14 21.49 ± 0.09

LESS2b > 23.64 24.44 ± 0.09 22.94 ± 0.29 > 22.72 23.26 ± 0.05 22.38 ± 0.11 22.08 ± 0.10 21.86 ± 0.20 22.23 ± 0.14

LESS3 > 23.64 . . . > 23.02 > 22.72 23.30 ± 0.05 22.72 ± 0.12 22.09 ± 0.10 21.74 ± 0.19 21.42 ± 0.09

LESS6 21.83 ± 0.07 22.09 ± 0.03 21.73 ± 0.10 21.10 ± 0.08 21.15 ± 0.02 21.14 ± 0.06 21.52 ± 0.08 21.92 ± 0.21 22.36 ± 0.17

LESS7 21.69 ± 0.06 21.44 ± 0.02 21.07 ± 0.06 20.47 ± 0.04 20.46 ± 0.01 20.02 ± 0.04 19.91 ± 0.04 19.86 ± 0.08 20.15 ± 0.05

LESS9 > 23.64 24.19 ± 0.08 > 23.02 > 22.72 22.47 ± 0.04 21.85 ± 0.08 21.43 ± 0.08 21.29 ± 0.15 21.13 ± 0.08

LESS10a > 23.64 24.56 ± 0.10 > 23.02 > 22.72 23.33 ± 0.05 22.21 ± 0.10 21.78 ± 0.09 21.72 ± 0.19 21.46 ± 0.09

LESS10b 21.41 ± 0.05 21.18 ± 0.02 20.81 ± 0.05 20.51 ± 0.05 20.29 ± 0.01 19.87 ± 0.03 20.14 ± 0.04 20.75 ± 0.12 21.32 ± 0.09

LESS11 > 23.64 25.04 ± 0.12 > 23.02 > 22.72 23.58 ± 0.06 22.16 ± 0.10 21.63 ± 0.09 21.29 ± 0.15 21.15 ± 0.08

LESS12 > 23.64 25.71 ± 0.18 > 23.02 > 22.72 23.83 ± 0.06 22.72 ± 0.12 22.35 ± 0.12 22.17 ± 0.23 21.98 ± 0.12

LESS14 > 23.64 25.56 ± 0.19 . . . > 22.72 23.53 ± 0.06 22.55 ± 0.11 21.87 ± 0.09 21.56 ± 0.17 21.14 ± 0.08

LESS15 > 23.64 . . . . . . > 22.72 . . . 21.91 ± 0.09 21.30 ± 0.07 21.11 ± 0.14 21.05 ± 0.08

LESS16 20.95 ± 0.03 20.93 ± 0.02 20.44 ± 0.05 20.16 ± 0.03 20.15 ± 0.01 19.51 ± 0.03 19.71 ± 0.04 20.03 ± 0.08 20.08 ± 0.05

LESS17 22.05 ± 0.08 22.16 ± 0.03 21.64 ± 0.10 21.25 ± 0.09 21.07 ± 0.02 20.36 ± 0.04 20.16 ± 0.04 20.38 ± 0.10 20.76 ± 0.07

LESS18 23.21 ± 0.22 22.81 ± 0.04 22.05 ± 0.14 21.35 ± 0.10 21.45 ± 0.02 20.38 ± 0.04 20.06 ± 0.04 20.01 ± 0.08 20.67 ± 0.06

LESS19 > 23.64 23.82 ± 0.07 . . . > 22.72 24.22 ± 0.08 22.74 ± 0.12 22.23 ± 0.11 21.83 ± 0.19 21.98 ± 0.12

LESS20 > 23.64 24.56 ± 0.09 > 23.02 > 22.72 22.57 ± 0.03 21.83 ± 0.08 21.48 ± 0.08 21.16 ± 0.14 21.46 ± 0.09

LESS22 . . . . . . . . . . . . . . . 20.47 ± 0.04 20.16 ± 0.04 20.04 ± 0.08 20.55 ± 0.06

LESS24 22.71 ± 0.14 . . . . . . 21.39 ± 0.10 . . . 20.67 ± 0.05 20.41 ± 0.05 20.73 ± 0.12 20.97 ± 0.08

LESS25 > 23.64 23.23 ± 0.05 . . . 21.82 ± 0.15 21.67 ± 0.02 21.03 ± 0.06 20.73 ± 0.05 20.58 ± 0.11 20.83 ± 0.07

LESS27a > 23.64 > 25.70 > 23.02 > 22.72 . . . 22.68 ± 0.12 22.30 ± 0.12 21.93 ± 0.22 22.31 ± 0.17

LESS27b > 23.64 . . . . . . > 22.72 . . . 22.01 ± 0.09 21.68 ± 0.09 21.45 ± 0.16 21.95 ± 0.12

LESS29 > 23.64 . . . . . . > 22.72 . . . 22.22 ± 0.10 21.70 ± 0.09 21.27 ± 0.15 21.19 ± 0.09

LESS31 > 23.64 26.49 ± 0.26 . . . > 22.72 23.46 ± 0.05 22.70 ± 0.12 22.19 ± 0.11 21.68 ± 0.18 21.65 ± 0.10

LESS34 20.94 ± 0.03 20.78 ± 0.02 20.29 ± 0.05 20.04 ± 0.03 19.90 ± 0.01 19.51 ± 0.03 19.71 ± 0.04 20.37 ± 0.10 20.73 ± 0.06

LESS36 > 23.64 25.70 ± 0.16 . . . 22.67 ± 0.30 22.76 ± 0.04 21.53 ± 0.07 21.06 ± 0.06 20.65 ± 0.11 20.98 ± 0.07

LESS37 22.86 ± 0.16 . . . 22.38 ± 0.18 21.16 ± 0.08 . . . 20.55 ± 0.05 20.41 ± 0.05 20.82 ± 0.13 20.94 ± 0.08

LESS39 23.59 ± 0.30 24.32 ± 0.10 . . . 22.01 ± 0.17 . . . 21.62 ± 0.07 21.28 ± 0.07 21.06 ± 0.14 21.07 ± 0.08

LESS40 23.04 ± 0.19 23.05 ± 0.05 22.52 ± 0.21 22.20 ± 0.20 22.09 ± 0.03 21.45 ± 0.07 21.12 ± 0.07 21.04 ± 0.13 20.99 ± 0.07

LESS41 . . . . . . . . . . . . . . . 20.50 ± 0.04 20.19 ± 0.04 19.91 ± 0.08 19.93 ± 0.05

LESS43 > 23.64 23.93 ± 0.07 23.11 ± 0.33 > 22.72 22.58 ± 0.03 21.46 ± 0.07 21.04 ± 0.06 21.09 ± 0.14 21.73 ± 0.11

LESS44 . . . . . . . . . . . . . . . 20.94 ± 0.05 20.59 ± 0.05 20.37 ± 0.10 20.82 ± 0.07

LESS47 > 23.64 . . . . . . > 22.72 . . . 22.37 ± 0.10 22.00 ± 0.10 21.80 ± 0.19 21.83 ± 0.12

LESS48 . . . . . . . . . . . . . . . 20.27 ± 0.04 20.15 ± 0.04 20.14 ± 0.09 20.80 ± 0.07

LESS49a . . . 23.85 ± 0.07 . . . . . . 22.20 ± 0.03 21.26 ± 0.06 20.97 ± 0.06 21.41 ± 0.16 21.67 ± 0.11

LESS49b . . . 23.85 ± 0.07 . . . . . . 22.49 ± 0.03 22.16 ± 0.10 21.88 ± 0.09 21.65 ± 0.18 21.67 ± 0.11

LESS50a 21.75 ± 0.06 21.62 ± 0.02 21.55 ± 0.09 21.32 ± 0.09 21.17 ± 0.02 21.20 ± 0.06 21.67 ± 0.09 22.17 ± 0.25 23.24 ± 0.32

LESS50b > 23.64 24.22 ± 0.08 > 23.02 22.63 ± 0.29 22.65 ± 0.03 21.70 ± 0.08 21.17 ± 0.07 20.76 ± 0.12 20.57 ± 0.06

LESS54 > 23.64 . . . . . . > 22.72 . . . 21.66 ± 0.08 21.26 ± 0.07 21.31 ± 0.15 21.97 ± 0.12

LESS56 23.77 ± 0.35 24.46 ± 0.09 22.57 ± 0.22 22.15 ± 0.20 22.00 ± 0.03 21.27 ± 0.06 20.95 ± 0.06 20.81 ± 0.12 21.26 ± 0.09

LESS57 > 23.64 24.25 ± 0.08 23.05 ± 0.32 > 22.72 22.55 ± 0.03 22.02 ± 0.09 21.63 ± 0.08 21.35 ± 0.16 20.54 ± 0.06

LESS59 23.14 ± 0.21 23.03 ± 0.04 22.53 ± 0.21 21.62 ± 0.12 21.71 ± 0.02 20.71 ± 0.05 20.51 ± 0.05 20.83 ± 0.12 21.27 ± 0.09

LESS60 22.54 ± 0.12 22.23 ± 0.03 22.01 ± 0.13 21.49 ± 0.11 21.31 ± 0.02 20.59 ± 0.05 20.39 ± 0.05 20.54 ± 0.11 20.65 ± 0.06

LESS62 22.17 ± 0.09 22.11 ± 0.03 21.50 ± 0.09 20.81 ± 0.06 20.85 ± 0.01 19.93 ± 0.03 19.75 ± 0.04 20.08 ± 0.09 20.28 ± 0.05

LESS63 22.02 ± 0.08 21.83 ± 0.03 21.80 ± 0.11 21.21 ± 0.09 21.12 ± 0.02 20.69 ± 0.05 20.53 ± 0.05 20.76 ± 0.12 21.09 ± 0.08

LESS64 > 23.64 24.28 ± 0.09 . . . > 22.72 23.06 ± 0.04 22.51 ± 0.11 22.41 ± 0.12 22.27 ± 0.25 21.87 ± 0.12

LESS66 21.21 ± 0.04 . . . 20.33 ± 0.05 20.30 ± 0.04 . . . 19.61 ± 0.03 19.44 ± 0.03 19.36 ± 0.06 19.32 ± 0.03

LESS67 23.07 ± 0.20 22.79 ± 0.04 22.23 ± 0.16 21.16 ± 0.08 21.40 ± 0.02 20.63 ± 0.05 20.32 ± 0.05 20.20 ± 0.09 20.75 ± 0.06

LESS70 22.56 ± 0.13 22.56 ± 0.04 22.51 ± 0.20 21.70 ± 0.13 21.60 ± 0.02 20.96 ± 0.06 20.78 ± 0.06 20.58 ± 0.11 20.89 ± 0.07

LESS73 > 23.64 24.35 ± 0.09 > 23.02 > 22.72 23.53 ± 0.07 22.92 ± 0.13 22.79 ± 0.14 22.33 ± 0.25 21.99 ± 0.12

LESS74a 23.23 ± 0.22 23.48 ± 0.05 23.08 ± 0.33 22.41 ± 0.24 22.08 ± 0.03 21.45 ± 0.07 21.17 ± 0.07 21.15 ± 0.14 21.81 ± 0.12

LESS74b 23.36 ± 0.25 23.60 ± 0.06 > 23.02 22.08 ± 0.18 22.47 ± 0.03 21.58 ± 0.07 21.18 ± 0.07 21.04 ± 0.14 21.57 ± 0.10

LESS75 22.81 ± 0.16 22.95 ± 0.04 . . . 22.10 ± 0.19 22.17 ± 0.03 21.07 ± 0.06 20.43 ± 0.05 19.79 ± 0.08 19.07 ± 0.03

LESS79 22.63 ± 0.13 22.41 ± 0.03 22.09 ± 0.14 21.24 ± 0.09 21.20 ± 0.02 20.32 ± 0.04 20.16 ± 0.04 20.32 ± 0.10 20.87 ± 0.07

LESS81 21.38 ± 0.04 22.45 ± 0.03 21.49 ± 0.08 20.90 ± 0.07 21.70 ± 0.02 20.18 ± 0.04 19.91 ± 0.04 20.11 ± 0.09 20.61 ± 0.07

LESS84 > 23.64 23.36 ± 0.05 22.81 ± 0.26 21.71 ± 0.13 22.10 ± 0.03 21.43 ± 0.07 21.08 ± 0.06 20.92 ± 0.13 21.10 ± 0.08
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Table 4.4: – continued
Sourcea MUSYC J HAWKI J MUSYC H MUSYC K HAWKI K 3.6µm 4.5µm 5.8µm 8µm

LESS87 . . . . . . . . . . . . . . . 21.32 ± 0.06 21.07 ± 0.06 21.03 ± 0.14 20.90 ± 0.07

LESS88 23.25 ± 0.23 23.51 ± 0.06 23.05 ± 0.32 22.00 ± 0.17 22.05 ± 0.04 21.15 ± 0.06 20.85 ± 0.06 20.73 ± 0.12 21.09 ± 0.08

LESS96 19.74 ± 0.01 19.50 ± 0.01 19.77 ± 0.04 19.76 ± 0.02 19.59 ± 0.01 19.63 ± 0.03 19.43 ± 0.03 19.07 ± 0.05 18.59 ± 0.02

LESS98 23.41 ± 0.26 22.98 ± 0.04 . . . 21.49 ± 0.11 21.40 ± 0.02 20.22 ± 0.04 19.84 ± 0.04 19.99 ± 0.08 20.31 ± 0.05

LESS101 > 23.64 24.33 ± 0.10 > 23.02 > 22.72 23.16 ± 0.05 22.44 ± 0.11 21.93 ± 0.10 21.62 ± 0.18 21.55 ± 0.10

LESS102 22.91 ± 0.17 . . . . . . 21.29 ± 0.09 . . . 20.43 ± 0.04 20.13 ± 0.04 20.17 ± 0.09 20.92 ± 0.08

LESS103 > 23.64 . . . . . . 22.78 ± 0.33 . . . 21.51 ± 0.07 21.25 ± 0.07 21.12 ± 0.14 21.77 ± 0.12

LESS106 23.07 ± 0.20 22.71 ± 0.04 21.76 ± 0.11 21.33 ± 0.10 21.22 ± 0.02 20.22 ± 0.04 19.83 ± 0.04 19.91 ± 0.08 20.06 ± 0.05

LESS108 17.41 ± 0.00 17.35 ± 0.00 17.15 ± 0.04 17.00 ± 0.00 16.99 ± 0.00 . . . 17.79 ± 0.01 17.84 ± 0.03 . . .

LESS110 . . . . . . . . . . . . . . . 23.13 ± 0.16 22.44 ± 0.12 21.82 ± 0.20 21.72 ± 0.12

LESS111 22.75 ± 0.15 . . . . . . 21.57 ± 0.12 . . . 21.04 ± 0.06 20.98 ± 0.06 20.81 ± 0.12 20.23 ± 0.05

LESS112 . . . . . . . . . . . . . . . 20.93 ± 0.05 20.59 ± 0.05 20.43 ± 0.10 21.06 ± 0.08

LESS114 21.63 ± 0.06 21.62 ± 0.02 20.97 ± 0.05 20.68 ± 0.05 20.67 ± 0.01 19.93 ± 0.03 19.66 ± 0.03 19.86 ± 0.08 20.10 ± 0.05

LESS117 22.58 ± 0.13 . . . 21.60 ± 0.09 21.47 ± 0.11 . . . 20.56 ± 0.05 20.31 ± 0.05 20.53 ± 0.11 20.93 ± 0.08

LESS118 . . . 24.30 ± 0.08 . . . . . . 23.98 ± 0.08 23.39 ± 0.17 23.81 ± 0.25 22.77 ± 0.34 > 23.50

LESS120 23.34 ± 0.25 23.23 ± 0.05 22.79 ± 0.26 21.77 ± 0.14 21.87 ± 0.03 20.99 ± 0.05 20.70 ± 0.05 20.74 ± 0.12 21.33 ± 0.09

LESS122 21.96 ± 0.07 21.96 ± 0.03 21.43 ± 0.08 21.20 ± 0.09 21.00 ± 0.02 20.24 ± 0.04 19.88 ± 0.04 19.59 ± 0.07 19.67 ± 0.04

LESS126 > 23.64 23.84 ± 0.07 22.72 ± 0.24 22.99 ± 0.38 22.24 ± 0.03 21.29 ± 0.06 21.04 ± 0.06 21.21 ± 0.14 21.68 ± 0.10

aSource names correspond to those in Table 4.5

the ECDFS and requiring the best-fit SED the observed redshift. We then compare the

model and measured magnitudes in each filter for each galaxy, and iteratively adjust the

zeropoints of the filters with the largest systematic offsets. This yields significant offsets

for the following filters: VIMOS U (0.083 mag), MUSYC U (−0.091 mag), U38 (−0.074

mag), R (0.049 mag), I (0.048 mag), z (0.095 mag), HAWK-I J (0.043 mag), IRAC 3.6

(0.043 mag) and IRAC 8.0 µm (0.110 mag). The typical uncertainties in these corrections

are ±0.02 mag and the remaining eight filters have no significant corrections. These

corrections are applied to the extracted photometry of all SMGs and field sources and the

resulting photometry is used throughout this Chapter and in Chapters 5 and 6.

4.3.2 Improving photometric redshifts for galaxies at z = 2–3

We initially calculate the photometric redshifts of the LESS SMGs using the Hyperz

parameters shown in Chapter 3 to be optimum for SMGs – four spectral types (E, Sb,

Burst and Im), AV = 0–5, and z = 0–7. We show in Fig. 4.2 a comparison of the

photometric redshifts (zphot) calculated with these parameters with the spectroscopic

redshifts (zspec). The inset figure is the histogram of ∆z = zspec − zphot for 1796 galaxies

and AGN in the ECDFS, and shows that in general our photometric redshifts are a good

proxy for spectroscopic redshift for these sources (median ∆z/(1+z) = 0.02±0.002 and 1σ

dispersion of 0.13). However, the median redshift, z = 0.84, is lower than that expected for

SMGs and the targets are typically brighter at optical wavelengths, limiting the usefulness

of these comparisons for the SMGs. Therefore, we also test our photometric redshift

calculation on the 30 robust SMG counterparts with available spectroscopic redshifts.
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Figure 4.2: Spectroscopic redshift against ∆z/(1 + z) for SMGs in the ECDFS with

our initial photometric redshift estimates. We distinguish between high and low quality

spectroscopic redshifts as determined by the flags provided in most archival catalogues,

and highlight the two likely QSOs (LESS66 and LESS96; § 4.3.4). The inset plot shows

the histogram of ∆z/(1+z) for 1796 galaxies and AGN in the ECDFS with spectroscopic

redshifts. Qualitatively the photometric redshifts of the 1796 field sources appear to be

good representations of their spectroscopic redshifts. However, photometric redshifts of

SMGs with zspec & 2 appear to be systematically underestimated.



4. Calculating the photometric redshifts of SMGs 92

Fig. 4.2 shows spectroscopic redshift against ∆z/(1+ z) for the 30 robust LESS SMG

counterparts with spectroscopic redshifts from archival surveys of the ECDFS (10 coun-

terparts) and our spectroscopic survey of SMGs in the ECDFS (20 counterparts). Quality

flags are published in many catalogues and where possible we distinguish between high-

and low-quality spectroscopic redshifts. Error bars are the Hyperz 99% confidence in-

tervals, which similarly to Chapter 3 more reasonably represent the 1σ errors; we return

to this issue in § 4.3.3.2. The mean (median) ∆z/(1 + z) = 0.004 ± 0.18 (0.05 ± 0.02)

for the 30 SMGs (where here and throughout this chapter errors on the median are cal-

culated from bootstrapping), suggesting that on average the photometric redshifts are a

good proxy for spectroscopic redshift. However, qualitatively, the photometric redshifts of

SMGs with zspec & 2 appear to be systematically underestimated. Indeed, the 21 SMGs

with zspec > 2 have mean (median) ∆z/(1 + z) = 0.065 ± 0.10 (0.06 ± 0.02).

The statistics suggest that for the 17-band photometry and the Hyperz set-up de-

scribed above the photometric redshifts are underestimated for SMGs with z > 2. In

fact, an equivalent analysis of the field galaxies also shows this behaviour, whereby the

median ∆z/(1 + z) = 0.09 ± 0.007 for galaxies at z > 2, compared to 0.01 ± 0.002 for

galaxies at z < 2, indicating that the cause of this systematic error is not specific to

SMGs. A significant fraction of SMGs are expected to have z > 2 (Chapman et al. 2005)

and thus to be able to thoroughly and unbiasedly investigate SMG properties (as we do

in Chapters 5 and 6) photometric redshifts which are not systematically underestimated

are required.

At z & 3 galaxies will “dropout” of U-band imaging due to Lyman-α absorption (sim-

ilarly at z & 4 they dropout of the B-band, and at z & 5 the V-band is also affected).

That photometric redshifts are systematically underestimated only in high redshift galax-

ies suggests that there is a mismatch between the observed and the template SEDs at the

shortest wavelengths. In particular, it suggests that there may be a mismatch between

the observed U-band photometry and the model SEDs at this wavelength, with the mod-

els underpredicting the detectable flux and/or the observations over-stating the received

flux. We now investigate the possible causes and potential fixes of this bias.

U-band zeropoint offset:

In order to estimate the size of the mismatch between the models and the measured

photometry we incrementally change the zeropoint of the VIMOS U-band photometry.

We use the VIMOS U-band because it is > 1 mag deeper than the two MUSYC U-

bands and many of the z = 2–3 SMGs observed are only detected in this filter, providing
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significant constraints on the photometric redshift. In the left-hand panel of Fig. 4.3

we plot the median ∆z for the LESS SMGs at each offset in U-band zeropoint applied.

It is clear that to derive accurate photometric redshifts for z = 2–3 SMGs by simply

modifying the photometry the U-band zeropoint is required to be & 1 mag fainter than its

original calibration, which, given the precision of the U-band zeropoint, is hard to justify.

Moreover, as we show in the left-hand panel of Fig. 4.3 a +1 mag offset to the VIMOS U-

band zeropoint also causes a significant increase in the scatter in the photometric redshifts

of the z . 2 SMGs. We conclude that it is inappropriate to simply increase the U -band

magnitudes, since any change to the photometric redshift calculations with the purpose

of removing the systematic error in z & 2 SMGs must affect only the high-redshift SMGs.

Therefore, we next consider alternative methods of correcting the z & 2 offset.

Additional templates:

Since we require a change to the fitting routine that does not necessarily affect the low

redshift SMGs we consider the affect of including additional model templates. As expected

from our tests of photometric redshifts in Chapter 3, we find that including S0, Sa, Sc,

Sd SED templates in addition to the Burst, E, Sb and Im templates that were originally

included does not significantly affect the photometric redshifts and the systematic error

for z = 2–3 galaxies remains.

Limiting magnitudes:

We next investigate the effect of changing the handling of undetected SMGs on the pho-

tometric redshifts. Hyperz has four options for handling undetected sources:

1. Ignore the filter in the calculation

2. Set the flux in the filter to zero and the photometric error to the equivalent of the

limiting magnitude

3. The flux and its error are each set to half the limiting magnitude

4. The flux and its error are each set to the limiting magnitude

We had been using the second option using the 3σ limiting magnitudes listed in Table 4.2.

However, we note that Hyperz performs a χ2 fitting to determine the photometric red-

shift. Therefore, using the 3σ limiting magnitudes as the error provides weaker constraints

on the fluxes of undetected sources than we actually have, and will lead to artificially small

χ2 values. In addition, it means that galaxies can be fitted at lower redshifts than if 1σ

limiting magnitudes are employed without the χ2 being prohibitively high. Therefore,
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Figure 4.3: [left] Plot of median ∆z against the change in the VIMOS U-band magnitude, where ∆U is the amount added to the extracted

VIMOS U-band magnitude. This graph shows that to derive accurate photometric redshifts for LESS SMGs with z = 2–3 by simply modifying

the VIMOS U-band zeropoint the U -band photometry needs to be & 1 magnitude fainter than originally measured. [right] ∆z/(1 + z) for SMGs

when a zeropoint offset of +1 mag is applied to the VIMOS U-band photometry. The z = 2–3 SMGs no longer have systematically underestimated

photometric redshifts. However, the scatter in ∆z of the z . 2 SMGs has increased significantly. This suggests that a photometric offset in the

U-band magnitudes is not the origin of the biased photometric redshifts at z & 2 and we conclude that it is more likely to be due to the details

of Lyman-α absorption modelling in Hyperz.
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we recalculate the photometric redshifts using the 1σ limiting magnitudes as the photo-

metric error and find that this does marginally improve the accuracy of the photometric

redshifts, although a significant bias at z & 2 remains.

Lyman-α forest:

By default Hyperz considers only one value for the Lyman-α forest absorption at each

redshift, calculated according to Madau (1995). Given the systematic underestimation of

photometric redshifts at z & 2 we hypothesise that the Lyman-α absorption in Hyperz

is too strong – such that high-redshift galaxies are estimated to be at lower redshifts than

they really are because the expected flux in the short wavelength filters is less than that

observed. In Hyperz v10.0 the “ly forest” parameter allows three different values of

the optical depth to be considered in calculating the strength of absorption in the Lyman-

α forest. The three values of optical depth are τeff , τeff × ly forest and τeff/ly forest,

where τeff is fixed and set in the Hyperz source code.

We experimented with different values of ly forest, for both the SMGs and the

larger field sample, and found a small improvement in the accuracy of the photometric

redshifts when three values were allowed, but that the systematic offset was not entirely

removed. We believe that although in some cases the photometric redshift is improved,

in many cases the χ2 analysis favours the fit with the original optical depth. To force

Hyperz to consider models with less Lyman-α absorption we edit the source code to

decrease the intragalactic absorption in the models. In the Oke & Korycansky (1982)

prescription Lyman-α absorption is characterised by the depressing factors DA and DB ,

which quantify the absorption between Lyman-α and Lyman-β, and between Lyman-β

and the Lyman limit, respectively. Hyperz uses 〈DA〉 and 〈DB〉 – corresponding to DA

and DB averaged over all lines of sight – as calculated by (Madau 1995) – to incorporate

Lyman-α absorption in the photometric redshift estimates. We reduce the Lyman-α

absorption by setting danew = 3daorig and dbnew = 3dborig, where da = 1 − 〈DA〉 and

db = 1 − 〈DB〉. In addition we simultaneously force the code to consider three values

of optical depth: 0.5τeff , τeff and 2τeff . We find that with the slightly less intragalactic

absorption than default the systematic offset in photometric redshifts for SMGs at z & 2

is minimised, and the lower-redshift SMGs are not affected. This is also true of the larger

sample of field galaxies, and in § 4.3.3 we next perform a detailed analysis of the accuracy

of the resulting photometric redshifts.
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4.3.3 Reliability of photometric redshifts

To test the reliability of the photometric redshifts calculated with 1σ limiting magni-

tudes and weaker Lyman-α absorption (zphot) we again initially compare them to the

spectroscopic redshifts (zspec) for 1796 galaxies and AGN in the ECDFS and calculate

∆z = zspec − zphot for each source. The histogram of ∆z/(1 + z) for these 1796 sources is

shown as an inset in Fig. 4.4; the sample is centered on ∆z/(1 + z) = 0.016 ± 0.002 and

has a 1σ dispersion of 0.05. For sources at z > 2 the median ∆z/(1 + z) = 0.067 ± 0.01,

which is a modest improvement on the initial case. We define outliers as sources with

|∆z|/(1 + z) > 0.3; the outlier fraction for these 1796 field galaxies and AGN is 0.15. We

also calculate the outlier resistant normalised median absolute deviation (NMAD) of ∆z,

σNMAD = 1.48 ×median(|∆z −median(∆z)|/(1 + z)) = 0.097. These statistics show that

our photometric redshifts are a good proxy for spectroscopic redshift for these sources.

Fig. 4.4 also shows spectroscopic redshift against ∆z/(1 + z) for the 30 robust LESS

SMG counterparts with spectroscopic redshifts. The median ∆z/(1 + z) for SMGs is

0.023 ± 0.021 the mean ∆z/(1 + z) = −0.013 ± 0.178, and σNMAD = 0.037, suggesting

that for SMGs our photometric redshifts are reliable. We caution that the SMGs without

spectroscopic redshifts are fainter on average than the SMGs with spectroscopic redshifts,

which could affect the quality of their photometric redshifts.

4.3.3.1 Comparison to other photometric redshift codes

Dunlop et al. (2009) have independently calculated photometric redshifts for the six

LESS SMGs (five with robust counterparts) in GOODS-South that were also detected

by BLAST at 250 µm (Devlin et al. 2009). Their photometry uses imaging from HST

(B435, V606, i775, z850), the VLT (J , H, K) and Spitzer (3.6, 4.5, 5.8 and 8 µm) and

they use Hyperz with the stellar population models of Charlot & Bruzual (e.g. Bruzual

2007) which have a Salpeter IMF. The five SMGs with photometric redshifts from Dun-

lop et al. (2009, D09) are: LESS10a (zD09 = 2.29+0.06
−0.24), LESS12 (zD09 > 2.50), LESS18

(zD09 = 1.94+0.16
−0.09), LESS67 (zD09 = 2.09+0.31

−0.44) and LESS79 (zD09 = 1.85+0.10
−0.15). In all

cases the Dunlop et al. (2009) photometric redshifts agree with those calculated here (see

Table 4.5), providing further confidence that our photometric redshifts are reasonable for

SMGs.

To assess the level of systematic uncertainties for the derived photometric redshifts

due to the adopted methodology, SED templates, and/or photometric data, we also use
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Figure 4.4: Spectroscopic redshift against ∆z/(1 + z) for our most reliable photometric

redshifts of LESS SMGs. We distinguish between high and low quality spectroscopic

redshifts as determined by the flags provided in most archival catalogues, and highlight

the two likely QSOs (LESS66 and LESS96; § 4.3.4). The median (mean) ∆z/(1 + z) for

the all the SMGs is 0.023±0.021 (−0.013±0.178). The inset plot shows the histogram of

∆z/(1 + z) for 1796 galaxies and AGN in the ECDFS with spectroscopic redshifts. The

distribution is centered on 0.016±0.002 and has a 1σ dispersion of 0.05. We conclude that

our photometric redshifts are a good proxy for spectroscopic redshifts for both samples.
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ZEBRA (Feldmann et al. 2006) to calculate photometric redshifts. Our adopted procedure

is similar to that discussed in §3.2 of Luo et al. (2010). Briefly, we use ZEBRA to obtain

a maximum-likelihood estimate for the photometric redshifts of individual galaxies or

AGNs using an initial set of 265 galaxy, AGN, and galaxy/AGN hybrid SED templates.

These SED templates were then expanded to 463 templates during the template-training

mode of ZEBRA to best represent the SEDs of the ≈ 2 Ms CDFS X-ray sources (Luo

et al. 2010), including AGN. Besides the different SED templates used, this method differs

from the Hyperz approach described in § 4.3.2 in some additional details such as how

the redshift intervals and minimum photometric errors are determined; see §3.2 of Luo

et al. (2010) for details.

The ZEBRA-derived photometric redshifts (zphot,check) were compared to those listed

in Table 4.5 (zphot); the difference was measured by δzphot = (zphot,check−zphot)/(1+zphot).

For sources with secure spectroscopic redshifts, individual |δzphot| values range from ≈

0.01 to 0.10, indicating that both methods are able to deliver photometric redshifts to a

similar accuracy. For the full sample, the mean (median) value of δzphot is −0.006 (0.011),

with an rms scatter of 0.028, suggesting that the photometric redshifts in Table 4.5 are

fairly robust. After accounting for the effective 1σ errors of the photometric redshifts, only

three (sources LESS7, LESS37 and LESS111) of the 74 sources have inconsistent zphot

and zphot,check. As some sources have photometry data in addition to those presented

in Tables 4.3 and 4.4, we also tested the effect of including more data points. The

photometric redshifts differ by a mean value of |δzphot| of 0.024 with an rms error of

0.030, after including the WFI R-band data (Giacconi et al. 2002; Giavalisco et al. 2004)

for 25 sources and the GALEX near-UV and far-UV data (Morrissey et al. 2007) for

3 sources. Given the small difference caused by the additional data, we consider the

consistent aperture photometry in Table 2 suitable for the purpose of deriving reliable

photometric redshifts.

4.3.3.2 Photometric redshifts of LESS SMGs

We conclude that the most accurate photometric redshifts, for galaxies (including SMGs)

in the ECDFS, including those at z & 2 are determined using the following parameters

in Hyperz:

• Bruzual & Charlot (1993) Burst, E, Sb and Im SED templates.

• Redshifts z = 0–7 in steps of 0.05 are considered, and the step size is automatically
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reduced to 0.005 when the most probable region of redshift space is located.

• The Calzetti et al. (2000) reddening law is used, with AV = 0–5 mag in steps of

0.1 mag.

• Galaxies are assigned zero flux in any filter in which they are not detected, with an

error equal to the 1σ detection limit of that filter.

• The handling of the Lyman-α forest in Hyperz is modified, such that intragalactic

absorption in the models is decreased and three different levels of absorption are

considered in the fitting process.

• 1σ errors in the redshift are represented by the Hyperz 99% confidence intervals.

The final photometric redshifts of all LESS SMGs, calculated using these parameters, are

presented in Table 4.5. In Fig. 4.6 we show the photometry and best-fit SEDs for all 74

robust LESS SMG counterparts.

In Table 4.5 we also provide the reduced χ2 of the best fit SED at the derived photo-

metric redshift and the number of filters in which the SMG was detected and undetected

(but observed). We caution that the reduced χ2 for galaxies with only a few photometric

detections is typically low (. 0.5) but the error on the photometric redshift is typically

large, since there are only weak limits on the SED from the photometry. Therefore,

the values of the reduced χ2 should be considered in conjunction with the number of

photometric detections when considering the reliability of the photometric redshifts.

The median reduced χ2 of the SMG counterparts is 2.3 (2.1 if only the galaxies with

reduced χ2 6 10 are considered); this slightly inflated average χ2 is related to the ap-

parently over-precise 68% photometric redshift limits. Therefore, we investigate possible

causes of the slightly inflated median χ2. We begin by repeating the photometric redshift

calculations with the flux limits ignored in the fitting, such that the χ2 values do not

have a contribution from limiting magnitudes, and find that the median reduced χ2 is

still ∼ 2 and higher than expected, suggesting that the photometric limits are not driving

the large values. An alternative explanation is that our photometric errors are slightly

underestimated. Therefore, we next investigate whether and a small number of photo-

metric bands are the cause of the majority of the contribution to this inflated reduced χ2.

We consider the average contribution of each band to the χ2 of the best-fit SED at the

spectroscopic redshift by calculating χ2
filt = (observed mag − model mag)2/error2. In all

cases > 50% of sources have χ2
filt 6 1, and none of the filters have a significant offset or
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broader distribution than the others. This suggests that the inflated reduced χ2 for the

best-fit SEDs is not a result of underestimated photometric errors in a small number of

filters, but is more likely to be the result of a general mis-match between the models and

the photometry. Since we have empirically determined that the Hyperz 99% confidence

intervals more reliably represent the 1σ errors and we have been unable to isolate and

remove the cause, we use the Hyperz 99% confidence intervals on the photometric red-

shift estimates to represent the 1-σ uncertainty throughout this Chapter and Chapters 5

and 6.

Of the 74 robust SMG counterparts examined there are eight with poor fits of the SED

to the photometry (indicated with reduced χ2 > 10). Of these, one (LESS39) is blended

in the optical imaging and two others (LESS66 and LESS81) lie in stellar halos. LESS66

is also likely to be a QSO, as is LESS96 (§ 4.3.4), and another four SMGs with reduced

χ2 > 10 (LESS19, LESS57, LESS75 and LESS111) have excess 8 µm flux compared to

the best-fit SED, which is indicative of a hot-dust component, possibly caused by an AGN

(see §4.3.4 for a full discussion). Since we did not include any QSO or AGN templates in

the fitting procedure it is unsurprising that these sources are not well represented by the

employed SEDs. However, we note here that, as we show in §4.3.4, the exclusion of AGN

templates does not bias our photometric redshift estimates.

4.3.4 The effect of AGN on photometric redshifts

As briefly discussed in Chapter 3 our photometric redshift calculations are based on fitting

stellar templates to the SMG photometry, yet studies have shown that the 8 µm flux in

SMGs with a significant AGN component can be dominated by the AGN (Hainline et al.

2009, 2010; Coppin et al. 2010b) and therefore fitting stellar templates may yield mislead-

ing results. With the larger sample of SMGs with spectroscopic redshifts in the ECDFS

we now further investigate the effect of AGN on the photometric redshift estimates.

We employ two methods to identify potential AGN in the LESS SMGs. Firstly, we

cross-correlate the LESS SMG counterparts with the Chandra X-ray catalogues of the

CDFS (Luo et al. 2008) and ECDFS (Lehmer et al. 2005). The Lehmer et al. (2005)

catalogue contains ∼ 800 sources detected in a Chandra 250 ks exposure of the ECDFS,

and the Luo et al. (2008) catalogue details ∼ 500 sources detected in 2 Ms of Chandra data

in the smaller CDFS. We use a radius of 1′′ to match the Chandra and LESS counterparts,

and find 12 X-ray luminous SMGs – five in the ECDFS, three in the CDFS and four are

detected both fields, due to overlap between the observations. Secondly, we identify nine
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Table 4.5: The catalogue of 74 robust counterparts to LESS SMGs that are detected at

optical or near-infrared wavelengths, and their photometric redshifts. We also provide

the reduced χ2 of the best-fit SED and the number of photometric filters in which each

galaxy is observed.
SMGa Short RAb Decb zphot

c χ2
red

d Filterse ID

name typef

LESSJ033302.5-275643 LESS2a 03h33m02.s55 −27◦56′44.′′7 1.80+0.35
−0.14 2.8 16 [1] M

LESSJ033302.5-275643 LESS2b 03h33m02.s68 −27◦56′42.′′6 2.27+0.16
−0.55 1.1 8 [9] R

LESSJ033321.5-275520 LESS3 03h33m21.s50 −27◦55′20.′′1 3.92+0.54
−0.72 0.5 5 [10] M

LESSJ033257.1-280102 LESS6 03h32m57.s15 −28◦01′01.′′5 0.40+0.09
−0.03 4.3 16 [1] RM

LESSJ033315.6-274523 LESS7 03h33m15.s41 −27◦45′24.′′0 2.81+0.18
−0.07 6.9 16 [1] RM

LESSJ033211.3-275210 LESS9 03h32m11.s35 −27◦52′12.′′9 4.63+0.10
−1.10 2.4 6 [9] RM

LESSJ033219.0-275219 LESS10a 03h32m19.s04 −27◦52′14.′′3 2.46+0.15
−0.15 6.0 12 [5] R

LESSJ033219.0-275219 LESS10b 03h32m19.s30 −27◦52′19.′′1 0.91+0.07
−0.05 4.5 15 [2] R

LESSJ033213.6-275602 LESS11 03h32m13.s84 −27◦55′59.′′8 2.60+0.30
−0.36 3.2 7 [9] R

LESSJ033248.1-275414 LESS12 03h32m47.s96 −27◦54′16.′′1 3.92+1.02
−2.11 0.1 6 [11] RM

LESSJ033152.6-280320 LESS14 03h31m52.s47 −28◦03′18.′′6 3.56+0.92
−0.56 0.8 7 [9] RM

LESSJ033333.4-275930 LESS15 03h33m33.s35 −27◦59′29.′′4 1.95+3.05
−0.39 0.2 4 [8] M

LESSJ033218.9-273738 LESS16 03h32m18.s70 −27◦37′43.′′5 1.09+0.08
−0.09 4.1 17 [0] R

LESSJ033207.6-275123 LESS17 03h32m07.s26 −27◦51′20.′′1 1.55+0.11
−0.11 1.0 17 [0] RM

LESSJ033205.1-274652 LESS18 03h32m04.s87 −27◦46′47.′′4 2.07+0.08
−0.09 2.4 16 [1] RM

LESSJ033208.1-275818 LESS19 03h32m08.s23 −27◦58′13.′′7 2.11+0.11
−0.10 10.3 10 [6] RI

LESSJ033316.6-280018 LESS20 03h33m16.s77 −28◦00′15.′′8 2.80+0.17
−0.27 2.2 9 [7] RM

LESSJ033147.0-273243 LESS22 03h31m46.s90 −27◦32′38.′′8 1.95+0.34
−0.38 2.4 6 [4] RM

LESSJ033336.8-274401 LESS24 03h33m36.s97 −27◦43′58.′′1 1.72+0.29
−0.36 2.6 11 [2] RM

LESSJ033157.1-275940 LESS25 03h31m56.s85 −27◦59′38.′′9 2.28+0.09
−0.15 3.0 13 [2] RM

LESSJ033149.7-273432 LESS27a 03h31m49.s88 −27◦34′30.′′4 2.10+1.00
−0.88 0.1 4 [11] I

LESSJ033149.7-273432 LESS27b 03h31m49.s92 −27◦34′36.′′7 2.46+0.42
−0.72 1.9 7 [6] MI

LESSJ033336.9-275813 LESS29 03h33m36.s88 −27◦58′08.′′8 2.64+4.36
−0.87 0.1 4 [8] R

LESSJ033150.0-275743 LESS31 03h31m49.s77 −27◦57′40.′′4 3.63+0.84
−0.70 0.3 6 [9] I

LESSJ033217.6-275230 LESS34 03h32m17.s60 −27◦52′28.′′1 0.86+0.11
−0.05 3.8 17 [0] M

LESSJ033149.2-280208 LESS36 03h31m48.s94 −28◦02′13.′′6 2.49+0.53
−0.31 0.3 7 [7] RM

LESSJ033336.0-275347 LESS37 03h33m36.s01 −27◦53′49.′′4 3.52+0.26
−0.36 4.0 11 [1] M

LESSJ033144.9-273435 LESS39 03h31m45.s00 −27◦34′36.′′3 2.59+0.16
−0.06 12.6 13 [1] RM

LESSJ033246.7-275120 LESS40 03h32m46.s77 −27◦51′20.′′7 1.90+0.10
−0.11 3.1 17 [0] RM

LESSJ033110.5-275233 LESS41 03h31m10.s09 −27◦52′36.′′3 2.74+4.26
−0.91 0.0 4 [0] I

LESSJ033307.0-274801 LESS43 03h33m06.s63 −27◦48′01.′′9 1.67+0.23
−0.14 2.0 8 [9] MI

LESSJ033131.0-273238 LESS44 03h31m31.s19 −27◦32′38.′′6 2.49+0.00
−0.08 2.8 11 [0] RM

LESSJ033256.0-273317 LESS47 03h32m55.s99 −27◦33′18.′′9 2.90+0.14
−0.42 1.5 8 [6] MI

LESSJ033237.8-273202 LESS48 03h32m38.s00 −27◦31′59.′′4 1.91+0.36
−0.43 0.2 4 [1] RM

LESSJ033124.5-275040 LESS49a 03h31m24.s45 −27◦50′37.′′5 1.50+0.15
−0.10 5.0 12 [1] RM

LESSJ033124.5-275040 LESS49b 03h31m24.s69 −27◦50′46.′′4 3.31+0.22
−0.38 0.7 11 [2] R

LESSJ033141.2-274441 LESS50a 03h31m41.s11 −27◦44′42.′′4 0.85+0.16
−0.11 2.3 17 [0] M

LESSJ033141.2-274441 LESS50b 03h31m40.s97 −27◦44′34.′′8 2.69+0.49
−0.25 7.6 11 [5] RM

LESSJ033243.6-273353 LESS54 03h32m43.s62 −27◦33′56.′′6 1.84+0.62
−0.25 3.7 7 [6] M

LESSJ033153.2-273936 LESS56 03h31m53.s11 −27◦39′37.′′3 2.46+0.41
−0.24 0.6 9 [8] RM

LESSJ033152.0-275329 LESS57 03h31m51.s93 −27◦53′26.′′8 2.94+0.14
−0.11 10.8 11 [6] RM
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Table 4.5: – continued
SMGa Short RAb Decb zphot

c χ2
red

d Filterse ID

name typef

LESSJ033303.9-274412 LESS59 03h33m03.s62 −27◦44′12.′′6 1.40+0.29
−0.13 1.9 13 [4] RM

LESSJ033317.5-275121 LESS60 03h33m17.s53 −27◦51′27.′′5 1.64+0.10
−0.24 5.1 17 [0] RM

LESSJ033236.4-273452 LESS62 03h32m36.s52 −27◦34′53.′′0 1.52+0.10
−0.21 0.8 16 [1] RM

LESSJ033308.5-280044 LESS63 03h33m08.s49 −28◦00′42.′′8 1.39+0.07
−0.05 2.5 15 [1] RM

LESSJ033201.0-280025 LESS64 03h32m00.s98 −28◦00′25.′′3 4.19+0.04
−0.32 1.9 11 [4] RM

LESSJ033331.7-275406 LESS66 03h33m31.s92 −27◦54′10.′′3 2.39+0.04
−0.05 37.2 14 [0] RM

LESSJ033243.3-275517 LESS67 03h32m43.s18 −27◦55′14.′′2 2.27+0.05
−0.11 3.2 16 [1] RM

LESSJ033144.0-273832 LESS70 03h31m43.s92 −27◦38′35.′′2 2.31+0.15
−0.06 3.8 17 [0] RM

LESSJ033229.3-275619 LESS73 03h32m29.s28 −27◦56′18.′′9 4.61+0.94
−0.59 1.1 8 [9] R

LESSJ033309.3-274809 LESS74a 03h33m09.s34 −27◦48′15.′′9 1.84+0.32
−0.49 0.9 10 [6] RI

LESSJ033309.3-274809 LESS74b 03h33m09.s14 −27◦48′16.′′6 1.71+0.20
−0.17 2.5 10 [6] RI

LESSJ033126.8-275554 LESS75 03h31m27.s17 −27◦55′50.′′9 2.46+0.06
−0.09 33.2 15 [0] RM

LESSJ033221.3-275623 LESS79 03h32m21.s61 −27◦56′23.′′1 1.41+0.23
−0.17 2.2 16 [1] RM

LESSJ033127.5-274440 LESS81 03h31m27.s54 −27◦44′39.′′5 2.23+0.13
−0.15 27.9 14 [1] RM

LESSJ033154.2-275109 LESS84 03h31m54.s49 −27◦51′05.′′3 2.29+0.15
−0.07 3.6 14 [3] I

LESSJ033251.1-273143 LESS87 03h32m50.s83 −27◦31′41.′′2 3.20+0.10
−0.81 0.1 5 [0] RM

LESSJ033155.2-275345 LESS88 03h31m54.s81 −27◦53′40.′′9 2.35+0.11
−0.10 1.1 16 [1] R

LESSJ033313.0-275556 LESS96 03h33m12.s62 −27◦55′51.′′6 2.71+0.03
−0.09 22.0 17 [0] RM

LESSJ033130.2-275726 LESS98 03h31m29.s89 −27◦57′22.′′4 1.55+0.17
−0.16 1.0 10 [4] RM

LESSJ033151.5-274552 LESS101 03h31m51.s53 −27◦45′53.′′1 2.39+0.36
−0.52 2.5 10 [7] R

LESSJ033335.6-274020 LESS102 03h33m35.s56 −27◦40′23.′′2 1.68+0.13
−0.25 1.1 11 [2] M

LESSJ033325.4-273400 LESS103 03h33m25.s37 −27◦33′58.′′5 1.84+0.59
−0.87 0.3 5 [7] M

LESSJ033140.1-275631 LESS106 03h31m40.s17 −27◦56′22.′′4 1.96+0.31
−0.48 2.1 11 [5] RI

LESSJ033316.4-275033 LESS108 03h33m16.s51 −27◦50′39.′′3 0.20+0.03
−0.05 6.3 15 [0] RM

LESSJ033122.6-275417 LESS110 03h31m22.s63 −27◦54′17.′′0 2.35+4.65
−0.44 0.0 4 [0] MI

LESSJ033325.6-273423 LESS111 03h33m25.s21 −27◦34′25.′′9 2.61+0.14
−0.06 14.4 13 [0] RM

LESSJ033249.3-273112 LESS112 03h32m48.s85 −27◦31′12.′′8 1.81+0.42
−0.30 0.7 5 [0] RI

LESSJ033150.8-274438 LESS114 03h31m51.s08 −27◦44′37.′′0 1.57+0.08
−0.07 1.6 17 [0] RM

LESSJ033128.0-273925 LESS117 03h31m27.s62 −27◦39′27.′′3 1.73+0.29
−0.34 3.3 9 [4] R

LESSJ033121.8-274936 LESS118 03h31m21.s91 −27◦49′34.′′0 2.17+4.83
−1.49 1.7 5 [1] R

LESSJ033328.5-275655 LESS120 03h33m28.s55 −27◦56′54.′′1 1.43+0.30
−0.21 2.2 13 [3] RM

LESSJ033139.6-274120 LESS122 03h31m39.s52 −27◦41′19.′′4 2.08+0.08
−0.08 5.2 17 [0] RM

LESSJ033209.8-274102 LESS126 03h32m09.s60 −27◦41′06.′′9 2.02+0.17
−0.13 2.4 12 [4] MI

aThe SMG names correspond to those in Weiß et al. (2009) and Biggs et al. (2010).
bCoordinates are the J2000 position of the optical/near-infrared counterpart.
cSince Hyperz was restricted to 0 < z < 7 the six galaxies whose upper redshift limits yield a formal

maximum redshift of zmax = 7 are actually only constrained in the lower redshift limit. Therefore,

throughout this thesis the redshifts of these galaxies are plotted as lower limits.
dThe reduced χ2 of the best-fit SED at the derived photometric redshift.
eThe number of photometric filters in which each SMG counterpart was detected [and the number of

filters in which the SMG was observed but not detected, providing a limiting flux].
f ID types R, M and I indicate radio, 24 µm and IRAC identified counterparts respectively (see § 4.2 and

Biggs et al. 2010 for details).
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SMG counterparts with a large excess of 8 µm flux compared to the best-fit SED template

(see Fig. 4.6), which potentially indicates obscured power-law emission from an AGN. This

yields 15 SMG counterparts which may contain AGN (six are both X-ray detected and

have an 8 µm excess). We also note that LESS66 and LESS96 are both X-ray detected,

optically bright point sources and are most likely QSOs. Indeed, our VIMOS spectrum

of LESS66 exhibits broad emission lines and the spectroscopic classification (unobscured

AGN) of LESS96 by Treister et al. (2009) also indicates the presence of broad emission

lines. In this Section we examine whether the presence of AGN can affect the accuracy

of the photometric redshifts and in Chapter 6 we study the LESS AGN in detail.

The photometric redshifts of the 12 LESS AGN that have available spectroscopic

redshifts are not systematically offset from the spectroscopic values; the median ∆z/(1 +

z) = −0.018 ± 0.024, which is consistent with the whole sample (§ 4.3.3). We determine

whether AGN contamination in the 8-µm filter reduces the accuracy of our photometric

redshift estimates by re-fitting the photometry of the counterparts that display an 8-µm

excess whilst excluding the 8µm photometry. Spectroscopic redshifts are available for

eight of the affected galaxies and we find that the average |∆z| of these eight galaxies

is not significantly decreased when the 8 µm photometry is excluded from the fitting

(median ∆z/(1 + z) = 0.034 ± 0.044). The X-ray detected SMGs may also have some

AGN contribution to the 8-µm flux, which is undetected from the best-fit SED. Therefore,

we repeat this experiment whilst also excluding the 8 µm photometry of the SMGs which

are X-ray detected and find no change in the results.

It is also possible that our sample of SMG counterparts contains some AGN which

enhance the 8 µm flux but do not cause a detectable excess. Therefore, we also exclude

the 8 µm photometry of all the SMG counterparts during the fitting procedure. Once

again the average |∆z| for the spectroscopic sample does not change significantly (median

∆z/(1 + z) = 0.032 ± 0.021, compared to median ∆z/(1 + z) = 0.023 ± 0.021 originally).

These results indicate that when calculating photometric redshifts the benefit of including

the longer-wavelength data is greater than the bias which is removed by excluding 8 µm

photometry.

4.3.5 Reliability of SED parameters

In addition to calculating photometric redshifts, Hyperz also returns the spectral type,

age and reddening of the best-fit SED template. To test the sensitivity of the choice of

template we refit the photometry of the SMGs allowing only the Burst template, and then
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only a constant star-formation rate history. These two templates represent the extremes

of the star-formation histories and so they enable us gauge the sensitivity of the derived

parameters to the choice of the best-fit template.

We compare the quality of the Burst and Im fits of each galaxy with ∆χ2
red – the

difference in the reduced χ2 of the Burst and Im fits. We find that 63% of the SMGs have

|∆χ2
red| 6 1 and as such the Burst and Im templates are indistinguishable at the 99%

level for these SMGs. 61% (17) of the SMGs with |∆χ2
red| > 1 between the two template

fits are best-fit by Bursts and 39% (11) by Im templates. If three templates – Burst,

Sb and Im – are considered the star-formation histories of only 23% (17) of all the SMG

counterparts can be distinguished. Therefore, although it may be possible to crudely

distinguish the star-formation histories of a fraction (∼ 20–40%) of SMG counterparts

with Hyperz, the star-formation histories of most SMGs counterparts cannot be reliably

established. In Fig. 4.5 we show the best-fit Burst and Im star-formation histories for

two SMGs – LESS2a which has |∆χ2
red| = 0.1, and LESS49 which has |∆χ2

red| = 2.6.

Qualitatively, Fig. 4.5 highlights that the differences between the SEDs of the best-fit Im

and Burst models are minor, even when ∆χ2
red > 1, as is the case for LESS49.

We find that the SMGs that have SED fits with |∆χ2
red| 6 1 and can be equally

well fit by either Burst or Im templates have vastly different age estimates depending

on the template. The age and star-formation history of a stellar population significantly

affects the light-to-mass ratio; thus our inability to distinguish between star-formation

histories leads to uncertainties in the light-to-mass ratios and stellar mass estimates.

Using the H-band light-to-mass ratios for Burst and Im models from the Starburst99

stellar population model (Leitherer et al. 1999) we calculate that the uncertainties in SED

fitting parameters result in a 1σ dispersion of a factor of 4.6 in the light-to-mass ratios

and consequently in the resulting stellar mass estimates.

We also compare reddening measurements for those galaxies with SED fits with

|∆χ2| 6 1 and find that on average the difference between AV for the best-fit Im and Burst

templates, ∆AV , is equal to 0.32±0.16. Since average estimates based on either template

return the same value of AV (to ∼ 2σ) we conclude that average reddening measurements

for the SMG population are not strongly sensitive to the adopted star-formation history

and are likely to be statistically meaningful (although we caution against trusting values

for individual SMGs). When fitting E, Sb, Burst, or Im templates and allowing AV = 0–5,

as in our photometric redshift calculations we determine a median AV = 1.5 ± 0.1 and

96% of SMGs have AV 6 3. We conclude that in most instances restricting to AV 6 3
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Figure 4.5: Comparison of the best-fit Burst and Im templates for two LESS SMGs. LESS2a has |∆χ2
red| = 0.1 so the two fits are considered

statistically indistinguishable; LESS49 has |∆χ2
red| = 2.6 and statistically the constant star-formation history (Im) is preferred. It is clear from

these examples that the differences between the SEDs of the best-fit Im and Burst models is often minor, yet the different light-to-mass ratios

resulting from their star-formation histories is significant.
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is sufficient for calculating photometric redshifts of SMGs. We note that these values of

AV are integrated across the whole galaxy and that obscuration in the regions responsi-

ble for the majority of the far-infrared/submillimetre emission is considerably larger (e.g.

Chapman et al. 2004b; Takata et al. 2006; Ivison et al. 2010b).

4.4 Conclusions

We have extracted 17-band photometry of IRAC-selected sources, including 74 robust

counterparts to SMGs from the LESS survey. 30 of these SMG counterparts currently

have spectroscopic redshifts from archival surveys and on-going observations of SMGs in

the ECDFS.

We have expanded on our analysis of the reliability of photometric redshifts of SMGs

from the small sample of 12 galaxies in the CDFN that were analysed in Chapter 3

to investigate, improve and calculate the photometric redshifts of these LESS SMGs.

We used the Hyperz SED fitting code (Bolzonella et al. 2000a) and determined the

optimum parameters for reliable photometric redshifts and tested the accuracy of the

derived photometric redshifts using spectroscopy.

We found that for reliable photometric redshifts of galaxies at z & 2 we need to

decrease the strength of the intragalactic absorption from the Lyman-α forest compared

to the Madau (1995) model. Undetected galaxies in each filter are assigned zero flux

with an error equal to the 1σ detection limit in that filter for the photometric redshift

calculations. With the reduced Lyman-α absorption the median ∆z/(1+z) = 0.023±0.021

for the LESS SMGs and we conclude that the photometric redshifts are a reliable proxy

for spectroscopic redshift. In Chapters 5 and 6 we use the photometric redshifts derived

here to study the properties of the LESS SMGs.

We have also shown that even with extensive 17-band photometry for most SMGs

it is not possible to statistically distinguish between different star-formation histories.

The mass-to-light ratio is heavily dependent on the star-formation history and age of the

galaxy, and therefore, we estimate that there is a factor of ∼ 5 uncertainty in the mass-

to-light ratios derived from this SED fitting. This factor ∼ 5 uncertainty also impacts on

accuracy of the stellar masses that can be computed from this analysis (Chapter 5).
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4.5 Appendix: LESS SED fits

In Fig. 4.6, for each SMG counterpart, we show the measured photometry and best-fit

SED in the observed frame. The calculated photometric redshifts and errors are shown,

and the probability distribution functions presented for each galaxy. Most SMGs are well-

fit by our template SEDs, although nine have excess 8µm flux above the best-fit SED,

which is likely caused by power-law emission from an AGN. In Chapter 6 we examine

these galaxies and other likely LESS AGN in detail.
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Figure 4.6: Photometry and best-fit SEDs for robust SMG counterparts; points and
error-bars show measured photometry and arrows represent 3σ detection limits. Error
bars on the primary photometric redshift are 99% confidence limits, which empirically
correspond to 1σ. Inset panels show the minimum reduced χ2 at each redshift step with
the photometric redshift primary and secondary solutions (where they exist) marked by
solid and dashed lines respectively; the photometric redshift error is represented by the
shaded region.
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Figure 4.6: – continued
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Figure 4.6: – continued
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Figure 4.6: – continued
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Figure 4.6: – continued
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Figure 4.6: – continued
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Figure 4.6: – continued
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Figure 4.6: – continued



Chapter 5

A photometric redshift survey of

SMGs

5.1 Introduction

Observations in the millimetre and submillimetre wavebands provide a uniquely powerful

route to survey the distant Universe for intense dust-obscured starbursts (Blain & Longair

1993). This is due to the negative K-correction arising from the shape of the spectral

energy distribution (SED) of the dust emission in the rest-frame far-infrared, which results

in an almost constant apparent flux for sources with a fixed luminosity at z ∼ 1–8.

Over the past decade, a series of ever larger surveys in the submillimetre and millimetre

wavebands have mapped out a population of sources at mJy-flux limits with a surprisingly

high surface density (e.g. Smail et al. 1997; Barger et al. 1998; Hughes et al. 1998; Blain

et al. 1999; Eales et al. 1999; Bertoldi et al. 2000, 2007; Coppin et al. 2006; Knudsen

et al. 2008; Weiß et al. 2009; Austermann et al. 2010). The mJy fluxes of these sources

imply far-infrared luminosities of & 1012 L�, if the sources are at cosmological distances

(z & 1) classing them as ultraluminous infrared galaxies (ULIRGs; Sanders & Mirabel

1996); although as Chapter 3 showed, if they are at lower resdshifts, z ∼ 0.5, they may

more typically be cool LIRGs. Their high surface density is far in excess of that expected

from a “no evolution” model, suggesting very strong evolution of the population: ∝ (1+z)4

(Smail et al. 1997; Blain et al. 1999). If this results from strong luminosity evolution of

starburst galaxies (as opposed to obscured AGN; Alexander et al. 2005; Hill & Shanks

2010) then a significant fraction of the massive star formation (and metal production) at

high redshift may be occurring in this population.

116
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To confirm this evolution and understand the physical processes driving it requires

redshifts for the submillimetre galaxies (SMGs). Due to the coarse spatial resolution of

the submillimetre and millimetre maps from which the SMGs can be identified, combined

with their optical faintness (in part due to their high dust obscuration), it has proved

challenging to measure their spectroscopic redshift distribution (e.g. Barger et al. 1999;

Chapman et al. 2003a, 2005).

In fact, spectroscopic redshifts are not necessary to map the broad evolution of the

SMG population and cruder photometric redshifts can be sufficient, if they are shown to

be reliable (e.g. Chapter 4). Various photometric redshift techniques have therefore been

applied in an attempt to trace the evolution of SMGs, using their optical/near-/mid-

infrared or far-infrared/radio SEDs (e.g. Carilli & Yun 1999; Smail et al. 2000; Ivison

et al. 2004; Pope et al. 2005, 2006; Ivison et al. 2007; Aretxaga et al. 2007; Clements et al.

2008; Dye et al. 2008; Biggs et al. 2010).

Both spectroscopic and photometric analyses suggest that the bulk of the SMG pop-

ulation lies at z & 1, with an apparent peak at z ∼ 2.2 for the subset of SMGs which can

be located through their µJy radio emission (Chapman et al. 2005). Nevertheless, there

are significant disagreements between the different studies (see e.g. Chapman et al. 2005;

Clements et al. 2008; Dye et al. 2008), which may arise in part due to differing levels and

types of incompleteness in the identifications and biases in the redshift measurements.

The most serious of these is the incompleteness due to challenges in reliably locating the

correct SMG counterpart. They are typically identified through statistical arguments and

physical correlations based on radio, mid- or near-infrared emission (e.g. Chapters 3 and

4; Ivison et al. 1998, 2000, 2005; Smail et al. 1999; Pope et al. 2005; Bertoldi et al. 2007;

Hainline et al. 2009; Biggs et al. 2010), but these locate only ∼ 60–80% of SMGs. The

expectation is that the SMGs whose counterparts are missed could potentially include the

highest redshift (and thus the faintest in the radio and mid-infrared) examples, biasing

the derived evolution (Chapman et al. 2005; Ivison et al. 2005). Attempts to address

this incompleteness through time-intensive submillimetre interferometry have located a

small fraction of previously unidentified SMGs (e.g. Chapter 3; Dannerbauer et al. 2002,

2008; Younger et al. 2007, 2009; Wang et al. 2007) but the nature and redshifts of this

unidentified subset of SMGs remains a critical issue for studies of the population as a

whole.

In this Chapter we use optical, near- and mid-infrared photometric redshifts to study

SMGs detected in the Extended Chandra Deep Field South (ECDFS) by the Large APEX
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BOlometer CAmera (LABOCA; Siringo et al. 2009) on the Atacama Pathfinder EXperi-

ment (APEX; Güsten et al. 2006) 12-m telescope in the LABOCA ECDFS Submillimetre

Survey (LESS; Weiß et al. 2009). LESS mapped the full 30′ × 30′ ECDFS at 870-µm to a

noise level of σ870µm ≈ 1.2 mJy beam−1, for a beam with angular resolution of 19.′′2. 126

SMGs were detected at > 3.7σ significance (equivalent to a false-detection rate of ∼ 4%,

Weiß et al. 2009) and robust or tentative radio, 24 µm or IRAC mid-infrared counterparts

are identified to 93 (71 robust and 22 tentative) SMGs (Chapter 4; Biggs et al. 2010). In

Chapter 4 we determined the photometric redshifts for the 91 (68 robust and 22 tenta-

tive) of these SMGs with detectable optical and near-infrared counterparts in new and

archival multiband photometry of the ECDFS and here we analyse the properties of the

LESS SMGs using those photometric redshifts. LESS is an ideal survey for this purpose

because of its panoramic, deep and uniform submillimetre coverage and extensive auxil-

iary data. In addition, the large size of the survey allows us to statistically measure the

redshift distribution of the SMGs that we are unable to locate directly, and test whether

their redshift distribution differs significantly from the identified population.

The plan of the Chapter is as follows: in §5.2 we recount the sample selections and

discuss possible sources of bias in § 5.3.2. The photometric redshift distributions, infrared

luminosities, dust temperatures and star-formation rates of SMGs are presented and dis-

cussed in §5.3 and we present our conclusions in §5.4. Throughout this Chapter we use

deboosted submillimetre fluxes from Weiß et al. (2009), J2000 coordinates and ΛCDM

cosmology with ΩM = 0.3, ΩΛ = 0.7 and H0 = 70kms−1Mpc−1. Unless otherwise stated

all photometry is on the AB magnitude system, in which 23.9 mAB = 1µJy.

5.2 Sample selection

We consider the optical and infrared counterparts SMGs detected in the LESS survey

(Weiß et al. 2009) and identified by VLA radio, MIPS (Rieke et al. 2004) 24 µm and

IRAC (Fazio et al. 2004) emission (Chapter 4; Biggs et al. 2010). The photometry and

photometric redshifts of the robust SMG counterparts are derived in Chapter 4 and

presented in Table 4.5.

Six of the SMGs have multiple robust counterparts; of these four SMGs (LESS2,

LESS27, LESS49 and LESS74) have two robust counterparts with photometric redshifts

consistent with them being at the same distance and are possibly physically associated.

Two SMGs (LESS10 and LESS49) each have two robust counterparts with photometric
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redshifts and SEDs that suggest they are not physically associated. In these cases, from

the information currently available, it is not possible to determine which of the two

counterparts is the source of the submillimetre flux, or whether the LABOCA detection

is a blend of submillimetre emission from two galaxies. To avoid bias we have included all

of the multiple counterparts in our analysis, but we note that their small number means

that their inclusion does not significantly affect our results.

5.3 Results and Discussion

5.3.1 Redshift distribution of identified SMGs

In Fig. 5.1 we show our photometric redshift distribution for the 74 robust SMG counter-

parts; it peaks at z = 2.2±0.1 and has an interquartile range of 1.8–2.7. We compare to the

photometric redshift distribution of SMG counterparts in the SCUBA Half-Degree Extra-

galactic Survey (SHADES) (Clements et al. 2008; Dye et al. 2008), median z = 1.5± 0.1,

and the spectroscopic sample from Chapman et al. (2005), median z = 2.2 ± 0.1, both of

which have similar submillimetre flux limits as our survey. The LESS SMGs have a sim-

ilar redshift distribution to Chapman et al. (2005), although in our photometric redshift

analysis of LESS the spectroscopic ‘redshift desert’ at z ∼ 1.2–1.8 is filled and there is

a larger high-redshift tail. The redshift distributions of both LESS and Chapman et al.

(2005) SMGs are peaked at higher redshifts than the SHADES SMGs. A KS-test between

Chapman et al. (2005) and LESS SMGs yields PKS = 0.44, suggesting the two samples

are consistent with being drawn from the same parent population. However, a KS-test

between the LESS and SHADES SMGs gives PKS = 1.3 × 10−5 indicating that these

samples appear to be drawn from intrinsically different populations. We also note that

(excluding the potential cluster members) our photometric analysis of SMGs in the field

of MS0451−03 (Chapter 3) suggests they are peaked at z = 1.6 – significantly lower than

the LESS SMGs and those from Chapman et al. (2005). As discussed in Chapter 3 this is

likely to be due to biases in the photometric redshifts of galaxies at z & 2 in our analysis

of SMGs in the field of MS0451−03 (see Chapter 4).

We conclude that the global properties of our photometric redshifts are consistent

with the largest previous spectroscopic survey, albeit with a higher-redshift tail – we

find 10 (14%) SMGs with z > 3 and eight (11%) with z > 3.5, of which three are

spectroscopically confirmed, including LESS73 at z = 4.76 (see Coppin et al. 2009, 2010a).

The comparable fractions for Chapman et al. (2005) are 10% at z > 3 and just 1% at
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Figure 5.1: The photometric redshift distribution of robust LESS SMG counterparts.

We compare this to the photometric redshift distribution of SHADES SMG counterparts

(Clements et al. 2008; Dye et al. 2008), and the spectroscopic redshift distribution of

SMGs from Chapman et al. (2005); for clarity the SHADES and Chapman et al. (2005)

samples are offset slightly in redshift. The median redshift of identified SMGs in LESS

is z = 2.2 ± 0.1, which is the same as that from the Chapman et al. (2005) spectroscopic

survey; SHADES has a lower median redshift of z = 1.5 ± 0.1. There is a slightly larger

high-redshift tail in the LESS SMG population than the Chapman et al. (2005) SMG

population. Additionally, the so-called ‘redshift desert’ at z ∼ 1.5, which is evident

in the Chapman et al. (2005) study does not affect our photometric redshifts and as

such, in contrast with Chapman et al. (2005), the increase in the number of galaxies

from z ∼ 1 to z ∼ 2 is smooth. Statistical comparisons show that the Chapman et al.

(2005) and LESS SMGs are drawn from populations with similar redshift distributions,

but that the SHADES SMGs are biased to low redshifts either from systematic errors in

the photometric redshift calculations, sample selection, or cosmic variance. The shaded

region represents the area that would be added to the histogram were the redshifts of

the 57 statistically identified or completely unidentified SMGs known and is designed to

give an impression of the potential contribution of the unidentified SMGs to this figure.

The lower region corresponds to the unidentified SMGs that we statistically identify in

§5.3.3, and which have redshifts similar to the identified SMGs. The upper shaded region

represents the SMGs which remain unaccounted for after the statistical analysis and likely

have z & 3.
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z > 3.5. This difference between LESS and Chapman et al. (2005) is likely to be due to

deeper radio data (on average), the inclusion of 24-µm counterparts in LESS (Biggs et al.

2010) and most critically the use of photometric redshifts covering the UV to mid-infrared

which are less reliant on the detection of spectral features in the optical. Conversely, the

SHADES SMGs appear to typically lie at lower redshifts. We stress that compared to the

SHADES analyses we have used about twice as many photometric bands, tested against a

larger spectroscopic sample of SMGs, and obtained qualitatively better fits to the SEDs.

We suggest that either there is a systematic error in the original SHADES photometric

redshifts or their counterpart identifications, or that cosmic variance is the cause of the

different redshift distributions. However, we note that a re-analysis of the optical-to-

infrared photometry of the SHADES SMGs yields a median photometric redshift of z =

2.05 (Schael et al. in prep.) – more similar to our sample of LESS SMGs and Chapman

et al. (2005) than the original SHADES analyses.

Studies have suggested that the brightest SMGs may have higher redshifts than those

with lower submillimetre fluxes (e.g. Ivison et al. 2002; Pope et al. 2005; Biggs et al. 2010).

In Fig. 5.2 we plot the photometric redshift against 870 µm flux (S870µm) for robust LESS

SMG counterparts. We split the galaxies into those brighter and fainter than the median

deboosted submillimetre flux of the sample, S870µm = 5.6 mJy. SMGs with S870µm 6 5.6

mJy have a median redshift of z = 2.1 ± 0.2 and SMGs with S870µm > 5.6 mJy have

a median redshift of z = 2.3 ± 0.2, where the errors are bootstrap uncertainties on the

medians. Spearman’s rank correlation coefficient between S870µm and zphot is 0.20, which

corresponds to a probability of zero correlation of 0.08 and indicates that there is no

significant correlation between submillimetre flux and redshift for SMGs in our sample.

We have verified that the result is not dependent on the choice of the flux limit between

the two bins. Additionally, if all the unidentified SMGs lie at z = 5 or z = 1 (in §5.3.3

both of these scenarios are shown to be unlikely) we still find no statistically significant

difference between the redshifts of SMGs in the two flux bins. The sample of SMGs

with optical-infrared photometric redshifts in this work is larger than previous studies of

this claimed trend and our analysis finds no significant correlation between S870µm and

redshift for robustly identified sources, also implying that S870µm is not a good proxy

for redshift. This result agrees with Knudsen et al. (2010), who find no difference in the

redshift distributions of faint lensed SMGs (S850µm < 2 mJy) and the brighter (S850µm & 3

mJy) SMGs from Chapman et al. (2005). We note that SMGs in the semi-analytic ΛCDM

galform model (Baugh et al. 2005; Lacey et al. 2008; Swinbank et al. 2008) also show
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Figure 5.2: Photometric redshift versus submillimetre flux for LESS SMGs; the median

S870µm error bar is shown in the bottom right. The median S870µm and redshift, with

1σ error bars, are presented for SMGs with S870µm 6 5.6 mJy and S870µm > 5.6 mJy.

Previous studies have suggested that the brightest SMGs may lie at the highest redshifts.

This work contains optical-infrared photometric redshifts for a larger sample of SMGs than

previous studies of the phenomenon and finds no evidence for a trend. For comparison we

also highlight the 1-σ distribution of SMGs in flux bins of 1 mJy in the ΛCDM galform

model (Baugh et al. 2005; Lacey et al. 2008; Swinbank et al. 2008), which also shows no

correlation between redshift and submillimetre flux.

no correlation between S870µm and redshift (although the error range decreases at high

fluxes where there are few galaxies in the model).

5.3.2 Potential sample biases

As discussed in Chapter 4, Biggs et al. (2010) identified robust counterparts to 71 SMGs

(of which 68 have detectable optical counterparts) and tentative counterparts to 22 LESS

SMGs, respectively. In Fig. 5.3 we show the redshift distribution of robust counterparts

and compare this to the redshift distribution of the tentative counterparts to determine

whether our results may be biased by the exclusion of tentative counterparts in our main

analysis. The median redshifts of robust and tentative counterparts are 2.2 ± 0.1 and
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Figure 5.3: In the top panel we present a comparison between robustly and tentatively

identified SMG counterparts and the field population of the ECDFS; tentative counter-

parts and field galaxies are offset slightly in redshift for clarity. The robust counterparts

have a median redshift of z = 2.2± 0.1, compared to z = 2.0± 0.2 for the tentative coun-

terparts. Tentative counterparts have a larger interquartile range – 1.2–2.8 compared to

1.8–2.7 for the robust SMG counterparts. We interpret these distributions as evidence

that tentative counterparts are mainly drawn from the same parent population as the

robust counterparts, but with the addition of some contamination, particularly at low

redshifts. In the lower panel we compare the redshift distributions of robust counterparts

(with p 6 0.05) in radio, 24 µm and IRAC data; for clarity radio and 24 µm counter-

parts are plotted offset slightly in redshift. The radio, 24 µm and IRAC samples have

median redshifts of 2.3 ± 0.1, 2.1 ± 0.2 and 2.3 ± 0.2 and interquartile ranges of 1.8–2.8,

1.6–2.5 and 1.9–2.7 respectively. Therefore, we find no significant differences in the red-

shift distributions of the three identification methods used by Biggs et al. (2010, see also

Chapter 4).
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2.0±0.2 (here and throughout this Chapter errors on the median are from bootstrapping)

and the interquartile ranges are z = 1.8–2.7 and z = 1.2–2.8, respectively. We also use

a Kolmogorov-Smirnov test (KS-test), which calculates the probability that two samples

are drawn from the same parent population (PKS), to compare the redshift distributions

of robust and tentative counterparts statistically. We find PKS = 0.09 and conclude

that it is likely that there is some contamination from physically unassociated foreground

(z . 1) galaxies in the tentative identifications. Therefore, throughout the remainder of

this Chapter we restrict our analysis to robust counterparts only.

We note that our identified sample contains two potential gravitational lenses (LESS6

and LESS11; see Appendix 5.5). These are typically low-redshift counterparts where the

radio or mid-infrared emission is offset from the optical source. These are discussed

individually in Appendix 5.5 and we have confirmed that their inclusion does not affect

our results.

In Fig. 5.3 we also compare the redshift distributions of counterparts with p 6 0.05

in the radio, 24 µm and IRAC data. The median redshifts are z = 2.3 ± 0.1, 2.1 ±

0.2 and 2.3 ± 0.2, and the interquartile ranges are z = 1.8–2.8, 1.6–2.5 and 1.9–2.7 for

the radio, 24µm and IRAC samples respectively. A comparison of the three redshift

samples shows that they are statistically indistinguishable. We conclude that the three

counterpart identification methods select galaxies with similar redshift distributions, and

are not significantly biased with respect to each other.

5.3.3 Redshift distribution of unidentified SMGs

To date, redshift surveys of SMGs have focused on the ∼ 60–80% of the population with

counterparts identified from radio and 24 µm imaging, and a few located using high-

resolution (sub-)millimetre interferometry (e.g. Chapter 3). The requirement for radio or

infrared counterparts to SMGs can bias the redshift or the dust temperature distributions

of identified SMGs (Chapman et al. 2005) and it is currently unknown if the identified

population is representative of the ∼ 20–40% of SMGs without identified counterparts.

In particular, it is unclear whether they have the same redshift distribution. In order

to investigate the redshift distribution of the unidentified SMGs we utilise our extensive

17-band photometric redshifts in the ECDFS to investigate the photometric redshifts of

sources around SMGs without robustly identified counterparts to the field population.

In Fig. 5.4 we show the redshift histogram of galaxies within the error circles of the 55

unidentified SMGs in the ECDFS, where the region considered is that used by Biggs et al.
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(2010) to identify SMG counterparts (both the completely unidentified and those with

only tentative identifications). For comparison, we show the redshift histogram of all the

galaxies in the submillimetre error circles of SMGs with robustly identified counterparts,

scaled such that the number of error circles examined is the same as the unidentified

SMG sample. We also consider the photometric redshifts of galaxies in the same area

around random positions in the field, which are required to be > 15′′ from any LESS

SMGs. We consider 50 Monte Carlo simulations of 55 random field positions (equal to

the number of unidentified SMGs), and employ the mean and standard deviation of the

50 simulations in each redshift bin for our statistical analyses. As discussed in Chapter 4

our photometric source extraction procedure included manually examining the regions

around the SMGs and adding to the catalogue potential sources which may have been

missed by the automated procedure. To remove any bias and ensure a fair comparison

between the SMGs and random positions, we exclude these additional sources from this

analysis.

In the lower panel of Fig. 5.4 we show the difference between the redshift distributions

of the field and SMGs without robustly identified counterparts. Compared to the field

there is an excess of 26 ± 12 (2.2σ) at z > 1 around unidentified SMGs. There are

positive excesses of galaxies in the z = 2–3 (14 ± 8; 1.8σ) and z = 4–5 (4 ± 2; 1.6σ) bins

around unidentified SMGs. We also note that the number of galaxies with z = 2–3 or

z = 4–5 around the SMGs is not exceeded by any of the 50 Monte Carlo simulations,

and therefore the probability of observing excesses of the magnitude of either of these by

chance is < 2%.

To crudely compare the redshift distributions of the identified and unidentified SMGs

we also plot the difference between redshifts of sources in the submillimetre error circles

of the identified SMGs and the field (scaled to the value in the z = 2–3 bin of the

unidentified SMGs). We conclude that the redshift distribution of unidentified SMGs is

broadly similar to that of robustly identified SMGs.

To provide a more reliable estimate of the average redshift of the unidentified SMGs

we evenly distribute the excess galaxies in the SMG error circles in each redshift bin. We

verify that this method is valid by using it to calculate the average redshift for identified

SMGs, which yields z = 2.2 ± 0.1, in agreement with that derived by simply calculating

the median of the redshifts (§5.3.1). For unidentified SMGs we derive an average redshift

of z = 2.5 ± 0.3. This suggests that unidentified SMGs may lie at marginally higher red-

shifts than the identified sample, although we stress that the difference is not statistically
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Figure 5.4: The top panel shows the redshift histogram of sources within the submillime-

tre positional error circles of SMGs without robust radio, 24 µm or IRAC counterparts

compared to the same number of random positions in the field. For comparison we also

plot the redshift histogram for sources in the submillimetre positional error circles of

SMGs with robust counterparts, also scaled to the same number of error circles. In the

bottom panel we show the difference between the redshift histogram of galaxies around

unidentified SMGs and the field population (from random positions). We also plot both

the difference in redshift of galaxies around identified SMGs and the field population,

and the redshift distribution of radio-undetected SMGs in the ΛCDM galform model

(Swinbank et al. 2008). In order to highlight potential differences in the redshift distri-

butions of the populations the latter two datasets are scaled to match the value of ∆Ngal

of unidentified SMGs in the z = 2–3 bin. By using ∆Ngal and assuming a uniform distri-

bution of galaxies within the bins we calculate that the average redshift of unidentified

SMGs is z = 2.5 ± 0.3.
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significant. This conclusion is consistent with the predicted redshift distribution of radio

undetected SMGs from the semi-analytic ΛCDM galform model, which predicts they

should lie at z ∼ 2.2, similar to the observed SMGs (Swinbank et al. 2008).

There are 14 ± 8 more galaxies at z = 2–3 in the error circles of unidentified SMGs

than expected from comparing to the field population. We showed in §5.3.2 that there are

nine tentative SMG counterparts with z = 2–3 and two with z = 4–5. Thus potentially

half of the excess seen around the unidentified SMGs could be attributed to tentative

counterparts. Indeed, if tentative SMGs are removed from this analysis just a 0.6σ (3±5)

excess of z = 2–3 galaxies and a 1.3σ (2.4± 1.9) excess of z = 4–5 galaxies around SMGs

remains.

Finally, we use statistical arguments to estimate how many SMGs are still unaccounted

for in our redshift analysis. There are 55 out of the sample of 126 LESS SMGs without

robust radio, 24 µm or IRAC counterparts (Biggs et al. 2010). Due to the signal-to-noise

ratio limit on the submillimetre catalogue (S/N > 3.7σ) only five of the 126 SMGs are

expected to be false detections (Weiß et al. 2009); an additional 1–2 are expected to have

counterparts outside of the search radii used (Biggs et al. 2010). This leaves 48–49 SMGs

with currently unidentified counterparts that are expected to lie within our search area.

We then calculate the total excess of galaxies in unidentified error circles over the field.

Due to clustering, an error circle can contain more than one galaxy associated with the

SMG (see also Chapter 6). We then compare the sources around identified SMGs with

the number of identified counterparts to determine this “overcounting factor”: ∼ 1.2×.

We scale the difference between the field and unidentified SMG regions by this factor to

estimate that there are 21 ± 19 LESS SMGs (17 ± 15% of the total) that have no robust

radio, 24 µm or IRAC counterparts and have mid-infrared fluxes below the limits of our

imaging (or they lie at sufficiently high redshifts that any excess is overwhelmed by the

unrelated field population).

As we show in Chapter 6 these unidentified SMGs could lie at z ∼ 1–3 and be fainter

than MH . −23.5 (Fig. 6.5). However, the specific star-formation rates of such sources

would be & 10−7 yr−1, corresponding to formation times of . 10 Myr. The duty cycle

for such short-lived sources means that to detect ∼ 20 sources in our 0.5 deg2 survey,

we require a parent population with a space density of & 0.02Mpc−3, which we consider

unlikely. Alternatively, if they have rest-frame near-infrared luminosities similar to the

identified SMG population, then Fig. 6.5 suggests that they must lie at z & 3. If correct

we should add these sources to the SMGs identified at z & 3. We have identified 10 SMGs
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at z > 3, as well as 4 ± 2 which have been statistically identified in our IRAC sample.

To these we add the 21 ± 19 SMGs which are unaccounted for in our statistical analysis,

to derive a total of 35 ± 19 SMGs (28 ± 15% of the whole population) at z > 3 in our

survey. We conclude that ∼ 30%, and at most ∼ 45% of the SMG population could reside

at z & 3. This corresponds to a volume density of 2.8 × 10−6 Mpc−3 (assuming they

span the range z = 3–7, or 80% higher if they only span z = 3–5). For comparison, the

equivalent volume density of z = 2–3 SMGs, including identified counterparts and the 14

that are statistically identified in this redshift range, is 1.2 × 10−5 Mpc−3, signifying an

order of magnitude decline in the abundance of SMGs from z ∼ 2.5 to z > 3. We note

that for there to be no decline in the space density of SMGs at z > 3 then all the SMGs are

required to be at z . 3.8. However, five of the identified SMGs have higher photometric

redshifts than this, and three of those are spectroscopically confirmed – verifying that

there is a decline in the space density of SMGs at z > 3.

We have statistically determined the redshift distribution of ∼ 60% of the unidentified

SMGs, and shown that the remainder likely lie at z & 3. In Fig. 5.5 we combine the

redshift distributions of the identified and unidentified SMGs to provide the probable

redshift distribution of the entire S870µm & 4 mJy SMG population. We conclude that

the most likely median redshift for the S870µm & 4 mJy SMG population is z = 2.5± 0.6.

5.3.4 Simple redshift estimators for SMGs

We next consider whether the SMG population has a characteristic SED shape that can

be used to predict its redshift. Previous studies have investigated and used optical (BzK;

Chapter 3; Daddi et al. 2004), ultraviolet (BX/BM; Steidel et al. 2004; Chapman et al.

2005) and IRAC colours (Yun et al. 2008; Hainline et al. 2009) and radio-to-submillimetre

flux ratios (e.g. Chapter 3; Carilli & Yun 1999; Ivison et al. 2007; Biggs et al. 2010) as

simple estimators of the redshifts of SMGs. Here we use our 17-band photometric redshifts

and large sample of SMG counterparts to investigate the reliability of the BzK colours

and radio-to-submillimetre fluxes as redshift estimators and derive a simple IRAC colour

indicator of redshift.

In Fig. 5.6 we show the BzK colour-colour plot (Daddi et al. 2004), which is designed

to identify galaxies at 1.4 < z . 2.5, for LESS SMG counterparts. We have distinguished

between counterparts with photometric redshifts above and below z = 1.4 and find that

all the SMGs with zphot < 1.4 lie in the expected region of colour-colour space. However,

whilst SMG counterparts with zphot > 1.4 typically have the colours of high-redshift
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Figure 5.5: The redshift distribution of LESS SMGs, including robustly identified coun-

terparts (Fig. 5.1) and the statistically identified SMG population from §5.3.3. These are

distributed uniformly within the relevant ∆z = 1 ranges. The shaded area represents

the remaining unidentified SMGs, which are likely to lie at z & 3. We conclude that the

median redshift of the S870µm & 4mJy SMG population is likely to be z = 2.5 ± 0.6.

star-forming galaxies, this population does scatter into the low-redshift region. Two

galaxies with zphot > 1.4, B − z ∼ 1 and z − K ∼ −0.1 lie near the separation between

z < 1.4 galaxies and stars and are both likely to be submillimetre-bright QSOs (LESS66

and LESS96 see Appendix 5.5). We note that for the smaller sample of MS 0451−03

SMGs (Chapter 3; Fig. 3.6) three of the galaxies with zphot < 1.4 were scattered into

the z > 1.4 region. We conclude that the BzK analysis of SMG counterparts can, on

average, differentiate between SMGs at z > 1.4 and those at z < 1.4 but there is some

scatter between the populations. We compare the observed BzK colours with a redshift

track of the average SMG SED (Chapter 6) and note that the median SED of SMGs has

a redder rest-frame (U − z) colour (corresponding to observed (z − K) at z ∼ 1.4) than

used to define the selection areas for z > 1.4 galaxies and thus the SMGs at the highest

redshifts may fall in the passive BzK or z < 1.4 region.

In Fig. 5.7 we plot the photometric redshift against S870µm/S1.4GHz for the LESS

SMGs (Weiß et al. 2009; Biggs et al. 2010), the tracks of Arp 220 and M82 (based on the
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Figure 5.6: (B − z) versus (z − K) colour-colour plot of LESS SMG counterparts. The

selection regions for star-forming and passive z > 1.4 BzK galaxies (sBzK and pBzK

respectively), z < 1.4 galaxies, and stars (Daddi et al. 2004) are shown, and we distinguish

between SMG counterparts with zphot > 1.4 and zphot < 1.4. The photometric redshifts

typically agree with the BzK colours and most of the SMG counterparts have BzK colours

of z > 1.4 star-forming galaxies and none have colours of stars or z > 1.4 passive galaxies

(similar to the result of Bertoldi et al. 2007). We also show the redshift track of the average

SMG SED (Chapter 6) from z = 0–4 and the reddening vector for AV = 1magnitude.

The scatter in the photometry of individual SMGs compared to the redshift track of the

average SMG SED suggests that the SMGs have a range in optical SEDs. Open symbols

show galaxies which lie in halos of bright stars in the z-band, in these cases, for the

purpose of this plot only, the z-band magnitude is extrapolated from the SED fit and the

measured I-band magnitude.
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SEDs of Silva et al. 1998). We also show the ΛCDM galform predictions (Baugh et al.

2005) and the Carilli & Yun (2000) relationship. The wide range in S870µm/S1.4GHz at

a fixed redshift limits the usefulness of S870µm/S1.4GHz as a redshift indicator for SMGs

and indicates that SMGs have a variety of submillimetre-to-radio flux ratios, suggesting

a range in dust temperatures (Chapman et al. 2005; Clements et al. 2008). We also

note that the majority of SMGs lie above the redshift track of M82, suggesting higher

submillimetre-to-radio flux ratios (potentially due to the presence of more cold dust). In

addition, LESS20 has zphot ∼ 2.8 and S870µm/S1.4GHz ∼ 1.7, which is lower than expected

from its redshift, indicating that it is most likely a radio-bright AGN (Chapter 6), so we

remove it from our subsequent analyses of far-infrared luminosities, star-formation rates,

and characteristic dust temperature (§5.3.5).

Studies of mid-infrared spectra of SMGs have shown that they are similar to M82

with an additional power-law contribution from AGN emission (Menéndez-Delmestre

et al. 2007, 2009; Pope et al. 2008). In Fig. 5.7 we plot photometric redshift against

S870µm/S24µm, which shows that the mid-infrared to submillimetre flux ratios of SMGs

are similar to Arp 220 and those derived in the ΛCDM galform model, but are poorly

represented by M82. This suggests that although SMGs have mid-infrared spectra similar

to M82, the mid-infrared continuum emission is fainter compared to the far-infrared emis-

sion and is more comparable to that of Arp 220. We note that although S870µm/S24µm for

SMGs varies with redshift in a manner comparable to Arp 220, the scatter and the effect

of PAH and silicate features passing through the 24 µm filter makes this measurement

unsuitable for redshift derivation (Pope et al. 2006).

We expand on the work of Yun et al. (2008) and Hainline et al. (2009) and propose

a new redshift estimator for SMGs, which is based on the IRAC 8 and 3.6 µm fluxes and

for LESS SMGs exhibits less scatter than the commonly-employed radio-to-submillimetre

flux ratio. In Fig. 5.8 we plot this ratio against redshift for the LESS SMGs and using

the robust linefit procedure from the idl Astronomy Library (Landsman 1993) we fit

an outlier-resistant linear relationship to SMGs with zphot < 4, which yields:

z = (2.1 ± 0.1) + (1.9 ± 0.2)log10(S8/S3.6) (5.1)

We exclude SMGs with zphot > 4 from the fit because at high redshifts the 1.6 µm stellar

peak passes through the 8 µm filter making this redshift estimator unreliable. For LESS

SMGs with z < 4 the 1σ dispersion in redshift estimated using Eqn. 5.1 is σz = 0.44 and

we find that ∼ 90% of LESS SMGs at z > 2 have S8/S3.6 > 1. However, we find that
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Figure 5.7: The variation of submillimetre to radio (left) and submillimetre to mid-infrared (right) flux ratios with redshift, compared with Arp

220 and M82 (based on the SEDs of Silva et al. 1998) and SMGs in the ΛCDM galform model (Baugh et al. 2005) with S850µm > 3 mJy;

we also show the relationship between redshift and radio-to-submillimetre spectral index derived by Carilli & Yun (2000) in the left-hand panel.

The SMGs show two orders of magnitude dispersion in both S870µm/S1.4GHz and S870µm/S24µm. The model track of S870µm/S1.4GHz for M82 lies

below the majority of the SMGs, while that of Arp 220 more closely follows the SMGs, suggesting that they typically contain more colder dust

than M82. Similarly, although studies have found that mid-infrared spectral properties of SMGs are similar to M82 (Menéndez-Delmestre et al.

2009) we find that M82 does not describe the submillimetre to mid-infrared continuum flux ratios well, and that Arp 220 fits better to this data.

LESS20 (labelled) is significantly brighter at 1.4 GHz than expected from its submillimetre flux and redshift and is most likely a radio-bright

AGN (Chapter 6).
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Figure 5.8: The correlation between redshift and the ratio of 8 µm to 3.6 µm flux for the

LESS SMGs with photometric redshifts and those with spectroscopic redshifts (Chapman

et al. 2005) and photometry from Hainline et al. (2010). The LESS SMGs show a trend and

so we plot a linear fit to the SMGs with z < 4, which yields z = 2.1 + 1.9log10(S8/S3.6),

with a 1σ dispersion in redshift of σz = 0.44. This relation may be useful as a crude

redshift indicator for SMGs as we note that ∼ 90% of all LESS SMGs with z > 2 have

S8/S3.6 > 1, while similarly ∼ 90% of all LESS SMGs with z < 2 have S8/S3.6 <

1. However, the SMGs from Hainline et al. (2010), which contain a large fraction of

AGN contamination do not conform to the trend, and therefore we caution against the

use of S8/S3.6 as a redshift indicator for SMGs which are likely to contain strong AGN

contamination.

for SMGs with strong AGN contamination (Hainline et al. 2009, 2010) Eqn. 5.1 is not a

good redshift discriminator and should be used with caution.

5.3.5 Dust temperatures, far-infrared luminosities and star-formation

history

In order to further investigate the intrinsic properties of the LESS SMGs we next use

our photometric redshifts and the observed radio and submillimetre fluxes to derive the

characteristic dust temperatures (TD), far-infrared luminosities (8–1000 µm; LFIR) and
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star-formation rates.

Blain et al. (2002) showed that the submillimetre-to-radio flux ratio in SMGs is mainly

influenced by redshift and the characteristic dust temperature. Chapman et al. (2005)

assumed a dust emissivity, β = 1.5, and the z = 0 far-infrared–radio correlation, to

determine empirically that for their sample of SMGs:

TD =
6.25(1 + z)

(S850µm/S1.4GHz)0.26
(5.2)

where S850µm is measured in mJy and S1.4GHz in µJy. We note that the most reliable

method of calculating TD is to fit template SEDs to multiple far-infrared and submil-

limetre photometric points, but for simplicity and due to the absence of published deep

far-infrared photometry in the ECDFS we use Eqn. 5.2 to calculate TD of LESS SMGs

(although we next use shallow far-infrared observations to confirm the validity of this

assumption).

We also use the infrared-radio correlation (Helou et al. 1985; Condon 1992),

qFIR = log10

(

LFIR

3.75 × 1012W

)

− log10

(

L1.4GHz

WHz−1

)

(5.3)

with radio spectral index α = 0.8 (where Sν ∝ ν−α) and qFIR = 2.64 (Bell 2003, for star-

forming galaxies), to calculate far-infrared luminosities of the LESS SMGs from their radio

fluxes, as done by Chapman et al. (2005). Although this approach was recently verified

by Magnelli et al. (2010) who used Herschel data to show that the local far-infrared

radio correlation is consistent with SMGs, we caution that there may be a factor of ∼ 2

uncertainty in the derived luminosities due to possible evolution in the far-infrared–radio

correlation (Ivison et al. 2010a) and hence the appropriate value of qFIR.

In Fig. 5.9 we plot the far-infrared luminosity against TD for the LESS SMGs and

optically faint radio galaxies (OFRGs; Chapman et al. 2004a; Casey et al. 2009; Magnelli

et al. 2010). The LESS SMGs have a median TD = 35.9 ± 1.4 K, with an interquartile

range of 28.5–43.3 K, and LFIR = (8.2 ± 1.2) × 1012 L�, with an interquartile range of

(3.0–13) × 1012L�, comparable to previous surveys (e.g. Chapman et al. 2005; Magnelli

et al. 2010).

To check this result we also employ the 250, 350, and 500 µm Balloon-borne Large

Aperture Submillimeter Telescope (BLAST) maps of the ECDFS (Devlin et al. 2009).

We can stack the emission in these maps at the positions of the LESS SMG counterparts

to obtain the average LESS SED from 250 to 870µm. The stacked fluxes are fitted with

a modified black body with β = 1.5 at z = 2.2 and correct the luminosity of the fitted
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Figure 5.9: The characteristic dust temperature (TD) versus far-infrared luminosity

(LFIR) for our SMGs. The SMGs are colour coded on the basis of their photometric

redshifts and as expected the most luminous galaxies are the hottest, and are also tend

to be those at the highest redshifts. This trend is driven in part by the radio luminosities

of the SMGs (which lack the positive K correction of the submillimetre waveband) hence

why there is a correlation between LFIR and z, but not between S870µm and z (Fig. 5.2).

The regions above the dashed line and below the dotted line are illustrative of the regions

excluded by our submillimetre and radio detection limits respectively. The dashed line,

which roughly demarcates the upper envelope of the data, represents the derived temper-

ature of galaxies at z = 2 with various radio fluxes and S870µm = 4.2 mJy. The dotted

line, which similarly demarcates the lower envelope, is derived for submillimetre-luminous

(S870µm = 16 mJy) sources with radio flux equal to our detection limit (3σ = 19.5µJy) at

redshifts of z = 1.4–4. This reflects both the strong cut-off in the submillimetre luminos-

ity function at high luminosities and the fact that our radio data is only just deep enough

to detect counterparts to the majority of SMGs. We conclude that the apparent corre-

lation between TD and LFIR is in part caused by selection bias. We note that OFRGs

(Chapman et al. 2004a; Casey et al. 2009; Magnelli et al. 2010), which are detected in the

radio but not the submillimetre, lie above the upper dashed line.
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black body to total far-infrared luminosity, 8–1000 µm, based on Ivison et al. (2010c).

From this calculation of the stacked fluxes the typical characteristic dust temperature of

the LESS SMGs is TD = 33.6 ± 1.1, and the typical far-infrared luminosity is LFIR =

(7.6+1.7
−1.5) × 1012L�. These values are in good agreement with those derived above from

the local far-infrared–radio correlation.

We find that the highest redshift galaxies also have the highest luminosities due to a

combination of the radio K-correction (preventing the detection of low-luminosity galaxies

at high redshifts) and luminosity evolution (see Fig. 5.10). There is an apparent trend

between the TD and LFIR but this is likely at least partially a selection effect, although

we note that locally IRAS galaxies exhibit a tight correlation between TD and LFIR

(Chapman et al. 2003b; Chapin et al. 2009). To illustrate the selection effects we also

show OFRGs (Chapman et al. 2004a) in Fig. 5.9; OFRGs are detected at radio but

not submillimetre wavelengths and have radio luminosities similar to SMGs, but contain

warmer dust (TD ∼ 45 K; Casey et al. 2009; Magnelli et al. 2010). Our 870-µm detection

limit misses warmer and lower luminosity galaxies from the sample and the radio detection

limit excludes the colder luminous galaxies (e.g. Chapman et al. 2005).

In Fig. 5.10 and Table 5.1 we present the far-infrared luminosity functions of the

radio-detected LESS SMGs with z = 1–2 and z = 2–3, compared to the z = 2–3 result

from Chapman et al. (2005). We calculate the LESS SMG luminosity function with an

accessible volume technique where:

Φ(L)∆L =
∑

i

1

Vi
(5.4)

which accounts for the flux limited nature of our survey. Φ(L)∆L is the number density

of sources with luminosities between L and L + ∆L, and Vi is the comoving volume

within which the ith source can be detected in the luminosity bin under consideration.

Since we derive the far-infrared luminosity from the radio flux, Vi is calculated using the

radio luminosity. Error bars are calculated by bootstrapping and account for the redshift,

luminosity and binning errors; we exclude the radio-bright AGN (LESS20) from this

analysis. We use the same method to calculate the luminosity function for Chapman et al.

(2005) SMGs based on the redshifts and radio fluxes listed in that paper. By assuming

that unidentified SMGs have radio fluxes equal to our detection limit and the redshift

distribution that we measure in §5.3.3, we also calculate the maximum contribution of

unidentified SMGs to the far-infrared luminosity functions.

If Fig. 5.10 we observe strong evolution in the far-infrared luminosity function: the
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Figure 5.10: Far-infrared luminosity functions of the radio-detected LESS SMGs with

z = 1–2 and z = 2–3. Evolution is evident in the luminosity function of the LESS SMGs

between the two redshift bins, and from the 24-µm selected low redshift comparison

sample (Rodighiero et al. 2010). The SMGs have higher luminosities than the z < 0.3

24-µm galaxies, and the z = 2–3 SMGs having higher luminosities and Φ∗. We also

show the z = 2–3 luminosity function of Chapman et al. (2005) SMGs (offset slightly in

log10LFIR for clarity) for comparison. The LESS z = 2–3 sample has a systematically

lower luminosity density than Chapman et al. (2005) SMGs in the same redshift range.

Weiß et al. (2009) showed that the ECDFS is underdense at submillimetre wavelengths

and by scaling the LESS luminosity function such that the SMG number density matches

that of SHADES survey (Coppin et al. 2006) we show that the disparity in Φ∗ between

LESS and Chapman et al. (2005) is likely due to the relative density of SMGs in the

two surveys (the scaled LESS luminosity function is offset slightly in log10LFIR SMGs for

clarity). We calculate the maximum contribution from unidentified SMGs, by assigning

them the redshift distribution that we measure in §5.3.3 and radio fluxes equal to our

detection limit. Including the contribution from unidentified SMGs the total maximum Φ

in each luminosity bin is represented by an arrow (offset slightly in log10LFIR for z = 2–3

SMGs for clarity).
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Table 5.1: Far-infrared luminosity function for radio-detected LESS SMGs

z = 1–2 SMGs z = 2–3 SMGs

log10LFIR log10Φ log10LFIR log10Φ

(L�) (Mpc−3dex−1) (L�) (Mpc−3dex−1)

12.0 −5.5+0.2
−0.3 12.5 −5.1+0.1

−0.6

12.5 −5.3 ± 0.1 12.9 −5.1+0.1
−0.2

13.0 −5.3+0.1
−0.2 13.3 −5.3+0.2

−0.1

13.5 < −6.2 13.7 −6.2+0.7
−6.2

z = 2–3 SMGs are more luminous and have higher space densities than the z = 1–2

SMGs, which in turn are more luminous than the z < 0.3 24 µm-selected galaxies from

Rodighiero et al. (2010) (see also the Herschel sample of Vaccari et al. 2010). LESS SMGs

at z = 2–3 have Φ∗ ∼ 1.6× and L∗ ∼ 2× higher than those at z = 1–2.

The z = 2–3 LESS SMGs have systematically lower Φ∗ than the Chapman et al.

(2005) SMGs in the same redshift range. This may be due to cosmic variance since Weiß

et al. (2009) showed that the ECDFS is a factor of ∼ 2 underdense compared to other

large submillimetre surveys at flux densities & 3 mJy. By rescaling the LESS luminosity

function so that the 870 µm number counts agree with those of the SHADES survey

(Coppin et al. 2006), which should be similar to that of Chapman et al. (2005) since

both covered multiple fields, Fig. 5.10 shows that the low surface density of SMGs in the

ECDFS is most likely the cause of the disparity in Φ∗.

In Fig. 5.11 we show the evolution of the star-formation rate density (SFRD) of the

radio-detected LESS SMGs. We use the same accessible volume technique as in our

luminosity function calculations to account for the flux limited nature of the survey.

Error bars are calculated from bootstrapping and include the uncertainties in binning,

redshifts and SFRs. Since the SFRs are based upon radio fluxes we exclude the suspected

radio-bright AGN LESS20 from this analysis.

We do not know the individual redshifts, infrared luminosities or SFRs for 45% of

the LESS SMGs because they do not have robustly identified optical counterparts. In

Fig. 5.11 we account for this population by assigning them the redshift distribution that we

measure in §5.3.3 and assuming radio fluxes equal to our detection limit. The calculated

SFRD of the unidentified SMGs from this analysis is an upper limit since the actual

radio fluxes will typically be lower than the detection limit. In Fig. 5.11 we indicate the
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Figure 5.11: Evolution of the SFRD for the radio-detected LESS SMGs compared to

Chapman et al. (2005). Arrows to the right of each LESS redshift bin indicate the

maximum additional contribution from unidentified SMGs and the open symbol represents

unidentified SMGs from Chapman et al. (2005). We also show the modified Salpeter A

IMF fit to the SFRD compilation from Hopkins & Beacom (2006) and a line showing the

evolution from IRAS ULIRGs at z = 0 (Elbaz & Cesarsky 2003) to LESS SMGs at z = 2.3.

The LESS SMG activity peaks at z ∼ 2 – similar to that found by previous studies of star-

forming galaxies and the peak activity of QSOs (Hopkins et al. 2007). The contribution

from SMGs to the total SFRD also peaks at z ∼ 2 where they are responsible for ∼ 10%

of the Hopkins & Beacom (2006) SFRD. The ECDFS is underdense at submillimetre

wavelengths (Weiß et al. 2009) so similarly to Fig. 5.10 we also scale the SFRD of the

LESS SMGs such that the number counts match the SHADES survey allowing a closer

comparison to Chapman et al. (2005).
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maximum contribution to the SFRD of unidentified SMGs in each redshift bin.

The SFRD of the LESS SMGs appears to peak at z ∼ 2, similar to Chapman et al.

(2005). The LESS SMGs have a lower SFRD than the SMGs from Chapman et al. (2005)

but we note that the lower number density of SMGs in the ECDFS is sufficient to account

for this effect. This corresponds to the peak of QSO activity at z = 2.15 ± 0.05 (Hopkins

et al. 2007). The fractional contribution of LESS SMGs to the SFRD of the Universe also

peaks at z ∼ 2 where they are responsible for ∼ 10% of the SFRD as estimated by Hopkins

& Beacom (2006) from a compilation of surveys that does not include any submillimetre

surveys. We stress that this only includes SMGs with S870µm & 4 mJy. Assuming that

fainter sources have the same redshift distribution then the contribution of SMGs with

S870µm & 1mJy is ∼ 100% of the (Hopkins et al. 2007) value. Thus, SMGs (high-redshift

ULIRGs) may contribute ∼ 50% of the total SFRD of the Universe at z ∼ 2.

5.4 Summary and Conclusions

We use photometric redshifts derived from deep multicolour imaging of the ECDFS in

17-bands to investigate the photometric properties and evolution of the counterparts of

SMGs in the LESS LABOCA survey of the ECDFS (Weiß et al. 2009; Biggs et al. 2010).

We find that LESS radio, 24 µm and IRAC-identified SMGs have a median redshift

of z = 2.2 ± 0.1 and interquartile range of z = 1.8–2.7. Thus the peak activity in SMGs

corresponds to the epoch of maximal QSO and star-formation activity in the Universe.

The redshift distribution of LESS SMGs is consistent with the spectroscopic survey of

Chapman et al. (2005), but higher than the photometric studies of the SHADES survey

(Clements et al. 2008; Dye et al. 2008). We find a higher-redshift tail to the distribution of

LESS galaxies, with 10 (14%) identified SMGs at z & 3. Counterparts identified through

radio, 24 µm and IRAC emission have statistically indistinguishable redshift distributions;

similarly robust and tentative counterparts have comparable redshift distributions, albeit

with some foreground contamination in the tentative sample. Previous studies provided

tentative evidence that SMGs with the highest submillimetre fluxes may be the high-

est redshift sources (e.g. Ivison et al. 2002; Pope et al. 2005), but with our extensive

photometric redshifts we find no such correlation.

A statistical study of the source population in the error circles of the 55 SMGs that

lack robust radio, 24 µm and IRAC counterparts suggests that there is an excess of 26 ±

12 (2.2σ) z > 1 galaxies in these regions. This excess population corresponds to the
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counterparts or companions of the unidentified SMGs and our analysis then suggests that

the redshift distribution of these unidentified SMGs peaks at z = 2.5±0.3. This is similar

to, but potentially slightly higher than, that of the identified population, suggesting that

many of the unidentified SMGs are at z ∼ 2–3 and have radio or 24µm fluxes just below

our detection limits.

In total we estimate that there are 21 ± 19 (17 ± 15% of all the SMGs) LESS SMGs

that are not robustly identified, and which are not accounted for in our statistical analysis

of unidentified SMGs. These should be galaxies without any detectable mid-infrared

emission and as a result are likely to lie at z & 3. Including the identified SMGs at z > 3

we estimate that 28 ± 15% of all LESS SMGs lie at z > 3.

We combine the redshift distribution of identified SMGs with that statistically deter-

mined for unidentified SMGs, including the SMGs which are not detected in our survey

and are likely to lie at z & 3. We conclude that the likely median redshift of the entire

population of S870µm & 4 mJy SMGs is z = 2.5 ± 0.6.

The separation of SMGs into those with redshifts above and below z = 1.4 broadly

agrees with the BzK colour-colour criteria (Daddi et al. 2004), making the BzK colours

a coarse but reliable redshift indicator for SMGs. Similarly the submillimetre-to-radio

flux ratios of LESS SMGs broadly agrees with the prediction of Carilli & Yun (2000),

although there is significant scatter, indicative of temperature variations between SMGs.

This means that redshifts derived from submillimetre-to-radio flux ratios also exhibit

significant scatter.

Using our photometric redshifts, submillimetre and radio fluxes we calculate that

the median characteristic dust temperature of the SMGs is TD = 35.9 ± 1.4 K, with

an interquartile range of 28.5–43.3 K. The median far-infrared luminosity of the SMGs,

derived from the radio luminosity, is LFIR = (8.2 ± 1.2) × 1012L� and the interquartile

range of LFIR = (3–13) × 1012L�. For a Salpeter IMF this corresponds to median

SFR= 1100 M�yr−1, with an interquartile range of 300–1900 M�yr−1. We show that,

for LESS SMGs, the apparent correlation between the far-infrared luminosity and TD is

in part a selection effect.

The far-infrared luminosity function of the LESS SMGs exhibits a strong redshift

evolution, such that SMGs at z = 2–3 are more numerous and have higher luminosities

than those at z = 1–2. We find that the normalisation of the luminosity function is lower

for LESS than for the Chapman et al. (2005) SMG sample, and by scaling the ECDFS

submillimetre number counts we show that this is due to the underdensity of the ECDFS
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at submillimetre wavelengths (Weiß et al. 2009).

The SFRD and fractional contribution to the global SFRD of the LESS SMGs with

S870µm & 4mJy evolves with redshift and both peak at z ∼ 2, where the LESS population

contributes a total SFR density of 0.02M�yr−1Mpc−1. If fainter submillimetre sources

have the same redshift distribution then SMGs with S870µm > 1 mJy (i.e. ULIRGs) pro-

duce ∼ 50% of the SFRD of the Universe at z ∼ 2.

The large star-formation rates of SMGs implies that they could build-up significant

stellar masses within relatively short periods of time. Similarly the large SFRDs suggests

that they contribute a large fraction of the stellar mass created at z ∼ 2. Previous

work has suggested that SMGs are massive (e.g. Borys et al. 2005; Hainline et al. 2010),

and strongly clustered (e.g. Blain et al. 2004; Weiß et al. 2009), and thus may be the

progenitors of giant galaxies on the CMR in local clusters (e.g. Chapter 2). Therefore,

in Chapter 6 we next use the uniquely large, homogeneous LESS SMG sample to further

investigate the stellar masses, clustering and halo masses of SMGs.

5.5 Appendix: Discussion of individual sources

Most LESS SMGs have properties similar to previous SMG populations. However, several

robust counterparts have unusual properties, X-ray emission, or 8 µm excesses indicative

of the presence of an AGN (see Chapter 6 for a thorough discussion of LESS AGN).

We discuss these galaxies on a case-by-case basis below and in Fig. 5.12 we show images

centered on each LESS SMG, highlighting the radio, 24-µm and IRAC identifications.

LESS 2a & 2b: LESS2 has both a robust 24 µm (LESS 2a) and a robust radio coun-

terpart (LESS2b), separated by 2.7′′, with z = 1.80+0.35
−0.14 and 2.27+0.16

−0.55 respectively. It is

possible that the two counterparts are at the same redshift (z ∼ 2), separated by ∼ 20

kpc and may in the process of merging.

LESS 6: LESS6 is ∼ 1′′ from the robust 24µm counterpart and ∼ 2.5′′ from the robust

radio counterpart and has a photometric redshift of z = 0.40+0.09
−0.03, therefore it is possible

that the submillimetre source is a background galaxy which is being gravitationally lensed

by the proposed counterpart to LESS6.

LESS 9: This SMG is X-ray luminous and has zphot = 4.63+0.10
−1.10 making it the highest

redshift X-ray source in our sample. Our best-fitting SED shows no 8µm excess and thus

no suggestion of an AGN from the rest-frame near-infrared, optical and UV photometry.

LESS 10a: LESS10a is one of two counterparts to LESS10 identified from extended or
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blended radio emission. It has a slight 8 µm excess over the best-fit SED, suggesting the

presence of an AGN, but no detectable X-ray emission.

LESS 11: Similarly to LESS9 this galaxy shows no 8 µm excess but is X-ray bright.

LESS 19: Based upon the SED fitting LESS19 has excess 5.8 and 8µm emission. How-

ever, the source is faint and the fit has χ2 = 10.0 so it is unclear whether the apparent

excess is due to errors in the fitting or the presence of an AGN.

LESS 20: This SMG is unusually radio bright with S1.4GHz = 4.25 mJy. There is no

evidence of X-ray emission or an 8 µm excess, suggesting that LESS20 is a radio-bright

AGN. If this is the case then the AGN contribution to the radio flux means that TD and

LFIR are likely to be significantly over-estimated. Therefore, we exclude LESS20 from

our analyses of the SFRs and luminosity function of SMGs.

LESS 40: LESS40 has X-ray emission and an 8 µm excess and is highly likely to contain

an AGN.

LESS 50b: This galaxy is X-ray luminous but does not exhibit a compelling 8 µm excess.

LESS 57: LESS57 has a strong 8 µm excess and is X-ray bright, compelling evidence for

the presence of an AGN in this SMG.

LESS 66: LESS66 lies near the diffraction spike of a bright star, so some of the pho-

tometry may be unreliable. However, it is an optically bright point source with an 8 µm

excess and X-ray emission. There are broad emission lines in the spectra suggesting that

LESS66 is a submillimetre-bright QSO.

LESS 67: This galaxy has coincident X-ray emission and may contain an AGN.

LESS 74a & b: The two counterparts to LESS74 have z = 1.84+0.32
−0.49 and 1.71+0.20

−0.17, are

separated by 2.7′′ (∼ 20 kpc), and have some faint extended emission between them in

the optical images. Therefore, it is likely that LESS74a and LESS74b are undergoing an

interaction at z ∼ 1.8 which triggered the submillimetre emission.

LESS 75: Although LESS75 is not X-ray detected there is strong 8 and 5.8 µm excess

above the best-fit SED, indicative of a highly obscured AGN.

LESS 84: LESS84 is X-ray detected, and has a small 8 µm excess suggesting it may

contain an AGN.

LESS 96: LESS96 is similar to LESS66 – it is X-ray luminous and has a strong 8 µm

excess above the best-fit SED, and it is an bright optical point source. We interpret this

as evidence that LESS96 is a submillimetre-bright QSO.

LESS 106: This SMG is X-ray detected but no 8µm excess is observed.

LESS 108: LESS108 is identified as a bright local (z = 0.086) late-type spiral galaxy
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from its strong radio and 24 µm emission. The similarity of the radio, mid- and near-

infrared, and optical morphologies suggests that this is not a case of gravitational lensing.

LESS 111: LESS111 is X-ray detected and has a 8µm excess, indicating it may contain

an AGN. It lies . 3′′ from an extended foreground galaxy and is likely to be gravitation-

ally lensed.

LESS 114: This SMG is coincident with an X-ray source, but shows no evidence of an

8 µm excess above the best-fit SED.

LESS 122: LESS122 has excess flux at 8µm compared to the best-fit SED but is not

X-ray detected.
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Figure 5.12: 30 × 30 arcsec images centred on each LESS SMG; north is up and east is

to the left. In the left-hand panel we present the MUSYC BVR image, the central panel

shows the IRAC 4.5µm image, and the HST ACS F850LP image is in the right-hand

panel. Circles are centred on the AzTEC positions and have represent the size of the area

used when searching for counterparts (Chapter 4; Biggs et al. 2010). We highlight robust

radio, 24-µm, and IRAC counterparts with blue squares, red diamonds, and green stars,

respectively.
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Figure 5.12: – continued
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Figure 5.12: – continued
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Figure 5.12: – continued
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Figure 5.12: – continued
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Figure 5.12: – continued
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Figure 5.12: – continued
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Figure 5.12: – continued
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Figure 5.12: – continued



Chapter 6

The physical properties of SMGs

6.1 Introduction

SED fitting to the optical and near-infrared photometry of submillimetre galaxies (SMGs)

suggests that they have stellar masses of & 7× 1010M� (e.g. Borys et al. 2005; Dye et al.

2008; Hainline et al. 2010). However, there is significant variation between different

studies, which as we later discuss, is likely to be due to bias in some of the samples

and systematic errors in others. Integral-field spectroscopy of SMGs suggests that they

have dynamical masses of ∼ 5 × 1011M� (Swinbank et al. 2006) and observations of CO

emission lines indicates gas masses of ∼ 3× 1010M� and dynamical masses of ∼ 1011M�

(e.g. Genzel et al. 2003; Greve et al. 2005). Thus, evidence from several different analyses

suggests that SMGs are amongst the most massive galaxies in the Universe at z ∼ 2.

If SMGs are the progenitor population of local massive early-type galaxies such mas-

sive galaxies are expected to be strongly clustered and typically located in high-density

environments. Several authors have attempted to detect the clustering of SMGs (e.g.

Webb et al. 2003; Blain et al. 2004; Scott et al. 2006; Serjeant et al. 2008; Weiß et al.

2009), and all find tentative evidence that SMGs are not randomly distributed and are

likely to be strongly clustered. However, progress has been hampered by the typically

small samples of SMGs, which often do not have sufficient redshift information to investi-

gate the three-dimensional clustering of SMGs. However, we note that Blain et al. (2004)

did manage to detect clustering using redshift information of a sample of SMGs and de-

rived correlation length of r0 = 6.9 ± 2.1 h−1M�, corresponding to a dark-matter halo

mass of ∼ 3 × 1012 M�. Recently, Cooray et al. (2010) investigated the angular correla-

tion function of sources selected at 250 µm from Herschel observations. They found that

154
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sources selected by 350µm-250µm colour to have redshift distributions similar to “classic”

∼ 850-µm selected SMGs reside in dark matter halos of mass > (5 ± 4) × 1012 M�.

Similarly, if SMGs are progenitors of local elliptical galaxies then as these are observed

to follow a well-defined relationship between the mass of the bulge and that of the super-

massive black hole (SMBH; e.g. Magorrian et al. 1998; Gebhardt et al. 2000), it could

be expected that the build-up of stellar mass is associated with co-eval or subsequent

growth of the SMBH. Therefore, it is important to understand the AGN fraction in

SMGs to investigate the coevolution of the build-up of stellar mass and black-hole mass.

Critically, the characteristic dust and gas in SMGs can obscure many of the usual AGN

signatures in some systems, making it necessary to use a range of methods to identify

AGN in SMGs. As many as ∼ 40% of SMGs are found to contain signatures of both star-

formation and AGN activity (e.g. Alexander et al. 2005; Takata et al. 2006; Pope et al.

2008; Coppin et al. 2009; Hainline et al. 2010), although the bolometric output and far-

infrared luminosity is dominated by star-formation emission in a significant majority of

cases (e.g. Alexander et al. 2005; Pope et al. 2008). However, complication arises because

many surveys for AGN in SMGs are subject to selection biases due to requirements for

radio or 24-µm counterparts, or secure spectroscopic redshifts. Therefore, it has proved

difficult to accurately constrain the fraction of the SMG population that contain AGN,

and thus investigate the evolution of the SMBHs in SMGs.

In Chapter 4 we derived photometric redshifts for 74 SMGs detected and identified in

the LABOCA 870-µm submillimetre survey of the ECDFS (LESS; Weiß et al. 2009), and a

sample of ∼ 50, 000 IRAC-selected field galaxies. In Chapter 5 we used this information to

investigate the redshift distribution and star-formation activity of SMGs and showed that

SMGs are undergoing intense bursts of star-formation at z ∼ 2, as required if they evolve

into the massive early-type galaxies found in clusters at lower redshifts (e.g. Chapters 2

and 3). In this Chapter we use this same sample of SMGs to investigate their stellar

masses, clustering and dark matter halo masses to determine whether they have the

required properties to be the progenitor population of local massive early-type galaxies.

We also investigate to fraction of LESS SMGs that harbour AGN activity and have

SMBHs that are undergoing a growth phase. Because of the large number of uniformly-

selected SMGs in a single field with extensive auxiliary data LESS is uniquely suitable

for this study.

We consider the AGN population, stellar masses, specific star-formation rates and

clustering of SMGs in § 6.2 and in § 6.3 we present our conclusions. Throughout this
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Chapter we use J2000 coordinates and ΛCDM cosmology with ΩM = 0.3, ΩΛ = 0.7

and H0 = 70kms−1Mpc−1. All photometry is on the AB magnitude system, in which

23.9 mAB = 1µJy, unless otherwise stated.

6.2 Results and Discussion

6.2.1 AGN

In Chapter 4 we identified 16 LESS SMG counterparts which exhibit AGN signatures and

are potential AGN and we summarise their properties in Table 6.1. There are 12 LESS

SMGs coincident (within 1′′) with Chandra X-ray sources from the catalogues of Luo et al.

(2008) and Lehmer et al. (2005) and nine with excess 8-µm flux compared to the best-fit

SED template, of which six are also detected in the X-ray data. Hainline et al. (2010)

showed that in addition to a stellar SED component these galaxies contain a power-law

component of the form fν ∝ ν−α (for α = 2–3), which represents hot-dust that may be

powered by an AGN. We also find one radio-loud SMG, whose 1.4 GHz luminosity cannot

be explained by star-formation alone (see Fig. 6.3), and two QSOs. All of these SMGs

are likely to contain AGN; we next further investigate their properties and biases in the

samples selected with each of these techniques.

In Fig. 6.1 we show the distribution of effective X-ray photon index (Γ) for the 11 X-ray

detected LESS SMGs for which there are sufficient X-ray counts for Γ to be determined.

Γ is taken from the catalogues from Lehmer et al. (2005) and Luo et al. (2008) and

is calculated from the band ratio for a power-law model with Galactic column density.

Obscured AGN are typically characterised by relatively flat spectral slopes (Γ < 1; e.g.

Maiolino et al. 1998; Risaliti et al. 1999; Alexander et al. 2005), but unobscured AGN

and star-forming galaxies have steeper X-ray slopes (Γ > 1; e.g. Nandra & Pounds 1994;

Colbert et al. 2004; Alexander et al. 2005). Therefore, Γ can be used to distinguish

between different sources of X-ray emission. Four of the 12 X-ray detected SMGs have

Γ < 1 and are most likely have X-ray emission from an obscured AGN, although we

note that the error bars of three of these have error bars that extend beyond Γ = 1.

Therefore, based only on Γ the X-ray emission of 11 of the SMGs could be caused by

AGN or starbursts, although as we show in Fig. 6.3 only LESS67 shows no other AGN

signatures and has an X-ray luminosity that could be caused by star-formation.

Therefore, excluding LESS67, we identify just 11 SMGs with evidence of AGN activity

from from X-ray emission, corresponding to 15% of the SMG counterparts in the field



6. The physical properties of SMGs 157

Table 6.1: LESS SMGs with AGN signatures. We highlight SMGs that fulfil each of the

selection criteria and provide the 0.5–8 keV flux or limit (Lehmer et al. 2005; Luo et al.

2008).

Sourcea zphot
b X-ray 8-µm Radio QSO? 0.5–8 keV flux Γc

detected? excess? loud? (10−15erg cm−2s−1)

LESS9 4.63+0.10
−1.10 X 6.34+0.27

−0.26 1.1 ± 0.2

LESS10a 2.46+0.15
−0.15 X < 0.14 . . .

LESS11 2.60+0.30
−0.36 X 1.17+0.22

−0.21 1.4 ± 0.2

LESS20 2.80+0.17
−0.27 X < 0.44 . . .

LESS40 1.90+0.10
−0.11 X X 0.44+0.11

−0.12 0.8+0.6
−0.5

LESS50b 2.69+0.49
−0.25 X 9.03+0.97

−0.88 0.8 ± 0.2

LESS57 2.94+0.14
−0.11 X X 2.17+0.47

−0.45 1.1+0.9
−0.8

LESS66 2.39+0.04
−0.05 X X X 31.6+1.4

−1.3 1.9 ± 0.1

LESS67d 2.27+0.05
−0.11 X 0.29 ± 0.14 . . .

LESS75e 2.46+0.06
−0.09 X < 0.69 . . .

LESS84 2.29+0.15
−0.07 X X 1.58 ± 0.25 0.7 ± 0.3

LESS96 2.71+0.03
−0.09 X X X 20.3 ± 1.0 1.8 ± 0.1

LESS106 1.96+0.31
−0.48 X 3.35+0.53

−0.46 1.1 ± 0.3

LESS111 2.61+0.14
−0.06 X X 4.97+0.73

−0.66 1.2 ± 0.3

LESS114 1.57+0.08
−0.07 X 2.05+0.55

−0.51 0.7 ± 0.1

LESS122 2.08+0.08
−0.08 X < 0.76 . . .

Total: 16 12 9 1 2

a Source names correspond to those in Table 4.5

b Photometric redshifts are from Chapter 4.

c The effective X-ray photon index is taken from the catalogues of Lehmer et al. (2005)

and Luo et al. (2008).

d As we show in Fig. 6.3 although LESS67 is X-ray detected its 0.5–8 keV luminosity

suggests that the X-ray flux could be due to star-formation. LESS67 is also to faint for

Γ to be determined.

e Compared to the best-fit SED LESS75 has excess flux at 5.8µm as well as at 8µm.
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of the X-ray observations. Previous X-ray studies of SMGs have significantly higher

detection rates, although many of them have deeper observations than is available in

the majority of the ECDFS. For example, Alexander et al. (2003) detected seven out

of ten (70%) SMGs in the 2 Ms exposure of the Chandra Deep Field North (CDFN),

which reached depths of ≈ 10−16 erg cm−2s−1 in the 0.5–8 keV band. If the depth was

instead more similar to the majority of the ECDFS at 10−15 erg cm−2s−1 (see Fig. 6.2),

Alexander et al. (2003) would have detected just three (30%) of their SMGs, all of which

are classified as AGN by their X-ray properties. Alexander et al. (2005) expanded the

sample from Alexander et al. (2003) to include 20 SMGs with spectroscopic redshifts from

Chapman et al. (2005). They detected 17 (85%) of the SMGs in X-ray observations to

≈ 7 × 10−17 erg cm−2s−1, although only 11 (55%) are brighter than 10−15 erg cm−2s−1

at 0.5–8 keV. Thus, under similar observing limitations as this work, only ∼ 50% of the

Alexander et al. (2005) SMGs would be classified as AGN from their X-ray emission.

However, we caution that the SMG sample from Alexander et al. (2005) may be biased to

include more AGN due to the requirement for optical spectroscopic redshifts, which selects

for galaxies with emission lines in their spectra. Recently, Laird et al. (2010) examined

the larger sample of 35 SMGs in the CDFN from the SCUBA Super-map (Borys et al.

2003), which are not required to have spectroscopic redshifts, and detected 16 (45%) in

the deep Chandra imaging, of which only 20–30% have evidence that an AGN dominates

the X-ray emission. Assuming a flux limit of 10−15 erg cm−2s−1 at 0.5–8 keV only six

(17%) of the parent sample would be detected as X-ray AGN – consistent with our result.

Nine (12%) of the LESS SMG counterparts have evidence for power-law emission in

the near-infrared, which may be caused by AGN. Hainline et al. (2010) studied SMGs

with spectroscopic redshifts from Chapman et al. (2005) and found that compared to

stellar templates ∼ 30% have a similar near-infrared excess. Similarly to the X-ray study

by Alexander et al. (2005) this higher rate of AGN detected by Hainline et al. (2010) is

likely to be due to a bias in the sample, introduced by the requirement for spectroscopic

redshifts. However, for the SMGs in this work, it is possible that our current lack of

spectroscopic redshifts at which to fix the SED fitting minimises the apparent 8-µm

excess such that in some cases it is no longer detectable.

Combining the numbers of AGN selected from X-ray emission, 8-µm excess, QSO

signatures and radio-loudness yields ∼ 20% of LESS SMGs with evidence for AGN. Due to

the relatively shallow X-ray observations in the outskirts of the ECDFS and the inherent

bias in using the 8-µm photometry when fitting the redshift and identifying AGN we



6. The physical properties of SMGs 159

Figure 6.1: Distribution of the effective X-ray photon index (Γ) for X-ray detected LESS

SMGs. X-ray emission from unobscured AGN and starburst typically have Γ > 1 and

obscured AGN typically have Γ < 1. Γ suggests that the X-ray emission from up to four of

the X-ray detected LESS SMGs are obscured AGN, although three have sufficently large

errors that they may have Γ > 1. LESS67 is too faint for Γ to be reliably determined

and therefore it is excluded from this figure.

consider that a minimum of 20% of LESS SMG counterparts contain AGN.

We show in Fig. 6.2 the 870 µm flux density against 0.5–8 keV flux for LESS SMGs. We

highlight the SMGs with excess 8-µm emission compared to the best-fit SED, radio-loud

AGN and QSOs. We also show the correlation expected for a QSO with the properties

of 3C273, which is consistent with submillimetre observations of optical QSOs (e.g. Page

et al. 2001; Vignali et al. 2001; Isaak et al. 2002, see also Alexander et al. 2005). The

two SMGs that were identified as QSOs from their optical luminosity, morphology and

spectra have X-ray and 870µm fluxes consistent with those from optically selected QSOs,

confirming that a QSO likely dominates the X-ray, optical and near-infrared emission

of these SMGs, but not the far-infrared emission (e.g. Hao et al. 2008; Priddey et al.

2008). We note that the four LESS AGN that are identified from 8-µm excesses and the

radio-loud SMG are undetected in the X-ray surveys and have 0.5–8 keV flux limits that

are fainter than the majority (9/12) of the X-ray detected SMGs, suggesting that radio
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Figure 6.2: Submillimetre flux against 0.5–8 keV X-ray flux for robust SMG counterparts.

We highlight SMGs identified as likely AGN based on excess 8-µm emission compared to

the best-fit SED, those that have QSO signatures, and the radio-loud AGN. We also show

the values expected for optically-selected QSOs, based on the properties of 3C273. The

two SMGs with counterparts that are optically bright point sources with broad emission

lines in their spectra have submillimetre and X-ray fluxes consistent with those of optically

selected QSOs. The typical error bar is shown in the bottom-right-hand corner, but

note that the X-ray error is a minimum because it does not include a contribution from

modelling assumptions.

emission and excess 8-µm flux compared to the best-fit SED can identify fainter AGN

than those selected from X-ray emission. In may be that these AGN may be more heavily

obscured than the X-ray selected AGN.

To further investigate the potential differences in the LESS AGN populations selected

with the different methods we next investigate their X-ray and radio luminosities (from

Chapter 5). We assume Γ = 2 and calculate the 0.5–8 keV X-ray luminosity as:

LX = 4π

(

dL

cm

)2 (

fX

erg cm−2s−1

)

(1 + z)(Γ−2) erg s−1 (6.1)

Fig. 6.3 shows this X-ray luminosity against radio luminosity for all the LESS SMG

counterparts. Similarly to Fig. 6.2 we highlight AGN with an 8-µm excess and the radio-

loud AGN (LESS20). The trend and observed scatter of starburst galaxies with X-ray
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emission dominated by high-mass X-ray binaries (Persic et al. 2004) is also presented.

LESS SMGs, including those with excess 8-µm emission compared to the best-fit SEDs,

show several orders of magnitude scatter in X-ray luminosity, with the two QSOs amongst

the brightest sources.

In addition to the two QSOs there are two LESS SMGs with LX ∼ 1045 erg s−1, which

do not show evidence of an 8-µm excess. One of these, LESS9, has zphot = 4.6+0.1
−1.1, so the

observed 8-µm filter samples the rest-frame ∼ 1.4µm which is too short a wavelength for

hot dust emission to be detected. However, the other, LESS106, is at zphot = 2.0+.03
−0.5 so

any power-law emission in the near-infrared should be detectable. These findings suggest

that identifying AGN from excess observed-frame 8-µm flux compared to the best-fit SED

may miss some high-redshift AGN, and that in some cases the SED can be well-fit with

pure-stellar templates.

Fig. 6.3 shows that the radio luminosity of LESS20 is more than an order of magnitude

higher than any of the other SMGs, and the simplest explanation is that it contains a

radio-loud AGN. We validate this conclusion by using the observed 870-µm flux and the

average SED from Dale & Helou (2002) to estimate that if the radio emission is due to the

star-formation that drives the submillimetre emission then the expected radio luminosity

of LESS20 is LFIR = 4 × 1025 WHz−1. This is ∼ 5× lower than observed, confirming

that the radio emission in LESS20 is mostly AGN driven.

Hainline et al. (2010) showed that for their sample of SMGs excess 8-µm flux compared

to the best-fit stellar SED is associated with the presence of AGN. For LESS SMGs, as

we show in Fig. 6.3, the galaxies with excess 8-µm flux have a range of X-ray luminosities,

including some with 0.5–8 keV luminosities (or limits) that suggest the X-ray emission is

powered by star-formation. However, the presence of the excess 8-µm flux compared to

the best-fit SED suggests that these galaxies contain significant AGN activity. Therefore,

we postulate that the AGN are obscured and that the intrinsic X-ray luminosities are

brighter than observed, and next use the flux in the 8µm excess to estimate the intrinsic

X-ray luminosity of these SMGs.

We compare the 8-µm flux in the best-fit SED with the observed 8-µm flux for each

SMG, to calculate the minimum luminosity in the power-law component of the observed-

frame 8-µm emission. We consider it a minimum because the SED fitting included the

8-µm photometry so the difference between the observed and model flux at 8-µm was

minimised by Hyperz to improve the χ2 of the fit. We next estimate the luminosity in

the rest-frame K-band due to the AGN component (LK(PL)), adopting a power-law with a
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Figure 6.3: Plot of 0.5–8 keV X-ray luminosity against 1.4 GHz radio luminosity for

LESS SMGs. We highlight SMGs with excess 8-µm emission compared to the best-fit

SED, submillimetre-detected QSOs, and radio-loud AGN. There is a large range of X-ray

luminosities for SMGs with excess 8-µm flux compared to the best-fit SED, and several

of these SMGs have X-ray luminosities similar to that expected for star-forming galaxies.

However, as described in the text, the AGN in these systems are typically obscured and

corrections to the X-ray luminosity of ∼ 2.5×, corresponding to NH ∼ 5 × 1022 cm−2 for

Γ = 2, are required to recover the expected unobscured X-ray luminosity. The dashed

line, (and corresponding dotted lines) represent the observed relationship (and scatter) for

galaxies with X-ray emission dominated by high-mass X-ray binaries from star-formation

(Persic et al. 2004, see also Alexander et al. 2005). We show the average error bar in the

top-right-hand corner, but note that the error in the X-ray luminosity does not include a

contribution from modelling assumptions. In addition, the luminosity errors are strongly

dependent on the redshift error, so those galaxies with poorly constrained photometric

redshifts have larger errors in both their X-ray and radio luminosities.
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slope of α = 2 (Hainline et al. 2010). LK(PL) is then converted to 2–8 keV X-ray luminosity

(L2−8 keV) using LK/L2−8 keV = 0.4, which is the average of radio-quiet QSO SEDs (Elvis

et al. 1994). Hainline et al. (2010) estimates the median LK(PL)/L2−8 keV = 0.9 ± 0.4

for SMGs (RMS scatter = 1.9), but we use the results from Elvis et al. (1994) because

the X-ray emission is likely to be less obscured in the Elvis et al. (1994) sample. Finally,

to estimate the correction to the observed 0.5–8 keV luminosity due to obscuration, we

convert L2−8 keV to predict the expected 0.5–8 keV luminosity based on the 8-µm excess

and assuming Γ = 2.

There are numerous assumptions and uncertainties in this calculation, so we consider

the obscuration correction only statistically. The median minimum correction to the

X-ray luminosity for SMGs with L0.5−8 keV < 1044 erg s−1 and an excess of 8-µm flux

compared to the best-fit SED is ∼ 2.5×, corresponding to NH ∼ 5 × 1022 cm−2 for

Γ = 2; for all SMGs with an 8-µm excess the correction is ∼ 1.2×, corresponding to

NH ∼ 1021 cm−2 for Γ = 2. We conclude that the observed X-ray emission in SMGs

with evidence for power-law emission in their near-infrared SEDs can be significantly

obscured and therefore the observed X-ray luminosity of these galaxies is not a reliable

discriminator for AGN and star-forming powered X-ray emission. It also shows that an

X-ray detection is not sufficient to select all AGN in SMG samples. We note that the

majority of SMGs studied by Alexander et al. (2005) have NH & 1023 cm−2, suggesting

that there may be additional absorption in the AGN studied here, which is not accounted

from in our analysis.

6.2.2 Typical SMG SEDs

To investigate the typical stellar populations and extinction of SMGs we next consider

the average rest-frame UV to near-infrared SED of LESS SMGs. We show in Fig. 6.4

the rest-frame photometry of the 74 robust LESS SMG counterparts, normalised in the

H-band. Based on the average observed photometry we also calculate the fluxes expected

in each of the 17 photometric filters used in our photometric redshift analysis (Chapter 4)

as observed at z = 2.2 and determine the median flux in each.

We begin by noting that the data show evidence for a break at ∼ 3500–4000Å sug-

gestive of a Balmer or 4000Å break. Closer inspection hints at it being a Balmer break

indicating that the blue rest-frame light is dominated by stars older than 20 Myr and

younger than ∼ 2Gyr. Then, as in Chapter 4, we use Hyperz to fit this photometry,

with redshift fixed at z = 2.2, and show the best-fit templates for both the Burst and
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Figure 6.4: The photometry of SMG counterparts shifted to the rest frame and normalised

to the H band (1.6µm). Redshifting this data to z = 2.2, the median redshift of the sam-

ple, we calculate the apparent fluxes in the 17 photometric filters considered throughout

this paper and use Hyperz to fit galaxy templates at this redshift. The median photo-

metric points are shown and the resulting best Hyperz Burst and constant star-fomation

template fits are displayed. The best fit Hyperz templates have: Burst, AV = 1.7, an

age of 33 Myrs and a LH/M∗ ∼ 24; constant star-formation, AV = 1.1, an age of 3.5 Gyrs

and an LH/M∗ ∼ 6. It is clear from the figure that it is not possible to distinguish

between these two very different star-formation histories and hence we conclude that we

must assume a factor of ∼ 5 uncertainty in the resulting masses. The MUSYC U38 filter

has a > 50% contribution from limiting magnitudes and is excluded from the fit.
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constant star-formation histories on Fig. 6.4. Comparing the χ2 for these two models in

the same manner as § 4.3.5, we find that we cannot accurately distinguish between differ-

ent star-formation histories (and hence ages or light-to-mass ratios). The best-fit Burst

model has an age of just 33 Myrs, an AV = 1.7 and a resulting light-to-mass ratio of

LH/M∗ ∼ 24, in contrast the constant star-formation template yields an age of 3.5 Gyrs,

AV = 1.1 and an LH/M∗ ∼ 6. The reddening derived from these two template fits are

agreement with the median of the individual SED fits (AV = 1.5± 0.1; Chapter 4), while

the LH/M∗ span a range of 4×.

We also estimate the extinction in LESS SMGs by comparing the star-formation

rate (SFR) derived from the rest-frame far-ultraviolet luminosity (median SFRUV =

2 M�yr−1; Kennicutt 1998; Rosa-González et al. 2002) with the SFR derived from the

far-infrared luminosity (median SFRFIR = 1400 M�yr−1; Chapter 5). SFRUV assumes

that there is no dust reddening and is extremely sensitive to dust absorption because

it is based on ultraviolet emission, in contrast SFRFIR is calculated from dust repro-

cessed emission. For SFRUV to match the observed SFRFIR requires that intrinsic the

far-ultraviolet emission is 7.0± 0.1 magnitudes brighter than observed. This corresponds

to AV = 2.6 ± 0.2 and reddening ∼ 4 times higher than the Hyperz SED fit and indi-

cating that the majority of the star formation within SMGs occurs in totally obscured

regions. As discussed in Kennicutt (1998) the conversion from far-ultraviolet luminosity

to SFRUV assumes that the star-formation rate has been constant for > 108 years. SMGs

are likely to be shorter bursts of activity and therefore for a fixed SFR they will brighter

at ultraviolet wavelengths and likely have higher AV than estimated above.

6.2.3 Stellar masses

In order to investigate the evolution of SMGs once the burst is completed we first need

to know the typical masses of SMGs. As discussed in Chapter 4 the uncertainties in

the derived spectral types and ages result in an estimated factor of ∼ 5 uncertainty in

assumed mass-to-light ratios and thus stellar masses derived from the absolute H-band

absolute magnitudes (MH). Therefore, we only consider the stellar masses of the LESS

SMGs statistically and we initially consider MH of the LESS SMGs as a proxy for stellar

mass, and investigate the scatter and any trends within the sample. MH is used to as

a proxy for stellar mass and to estimate the stellar mass of galaxies because it is less

influenced by young stars than optical bands and is relatively unaffected by dust.

We use Hyperz to estimate MH from our SED fits and find a median MH = −24.1±
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Figure 6.5: A plot of photometric redshift against rest-frame H-band absolute magnitude

for LESS SMGs, and the approximate correspondence with stellar mass (as described in

the text). The median MH is −24.1 ± 0.1 with an interquartile range of −24.7 to −23.6,

in good agreement with the median MH from Hainline et al. (2010). This corresponds to

a median stellar mass of ∼ 9.2 × 1010M� and interquartile range of (4.7–14) × 1010M�,

although we stress that there is a systematic error on these values of ∼ 5×. We also

highlight SMGs with evidence for AGN activity (§ 6.2.1), which appear brighter than

the average SMG. We also show the predicted 1-σ distribution of absolute H-band mag-

nitudes of SMGs with S850µm > 3 mJy that are brighter than our flux limit at 4.5 µm

(approximately the rest-frame H-band at z = 2) from the galform semi-analytic model

(Baugh et al. 2005; Lacey et al. 2008; Swinbank et al. 2008) and note that MH is under-

predicted in the model. Errors in MH are dominated by the error in the photometric

redshift; we calculate the error in MH for SMGs with median redshift error by re-running

the Hyperz with the redshift forced to the extremes of the error range; the corresponding

errors are shown in the top left-hand corner of the plot and can be scaled with the error

in redshift. The dotted line illustrates the trend in MH with redshift resulting from the

flux limited nature of our survey.
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0.1, with an interquartile range of −24.7 to −23.6. In Fig. 6.5 we plot MH against

photometric redshift for the LESS SMG counterparts. There is the suggestion of a weak

trend of MH with redshift. However, as the plotted detection limit shows this is most

likely a selection effect, with the higher redshift galaxies needing to be more luminous to

be detected.

Hainline et al. (2010) estimated H-band mass-to-light ratios for SMGs with Burst and

constant star-formation templates, assuming a Chabrier (2003) IMF. We use the average

of their values converted to a Salpeter IMF (with a lower mass limit of 0.1 M� and an

upper mass cutoff of 100 M�) for our stellar mass calculation: LH/M∗ = 3.8L�M−1
� . We

adopt a Salpeter IMF as this has been shown to provide a better fit to the stellar masses

of elliptical galaxies (Treu et al. 2010), while a Chabrier IMF leads to underestimated

stellar masses. We estimate that the median stellar mass of the SMGs in our sample

is M∗ = (9.2 ± 0.9) × 1010M� and the interquartile range is (4.7–14) × 1010M�. The

quoted errors do not include the systematic uncertainty from the star-formation histories

and mass-to-light ratios, which adds a factor of ∼ 5 uncertainty to the values (Chapter 4;

Fig. 6.4). We also caution that the choice of IMF coupled with the assumption that all

the light is from the current burst can affect the derived stellar masses by an additional

factor of ∼ 2. Finally, we note that on average we observe the SMGs approximately

halfway through the burst and typical SMG gas masses (Greve et al. 2005) suggest an

additional ∼ 3 × 1010M� of stellar mass could be added by the end of the burst.

We find that galaxies with evidence for AGN activity from an 8 µm excess or X-ray

emission (§ 6.2.1) have median MH = −24.6±0.3, compared to MH = −24.1±0.1 for the

remainder of the SMGs. The two SMGs with the brightest MH are the two submillimetre

bright QSOs (LESS66 and LESS96; § 6.2.1) in which the observed emission is expected

to be dominated by the AGN rather than starlight. If these are excluded the median MH

of SMGs containing AGN is MH = −24.5 ± 0.3.

The median stellar mass for SMGs in SHADES Lockman Hole was claimed to be

M∗ = (6.3+1.6
−1.3) × 1011M� by Dye et al. (2008). This is a factor of ∼ 7 higher than

our estimate for LESS SMGs. Dye et al. (2008) use nine-band photometry for their

photometric redshift determination and claim to also be able to disentangle the star-

formation histories of the SMGs with sufficient accuracy to identify a significant mass

of old stars which underlies the current burst. This leads to a higher effective mass-to-

light ratio and correspondingly higher stellar masses. In contrast, as discussed earlier

(Chapter 4), we do not believe that with existing data it is possible to untangle the
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influences of the potentially complex star-formation histories and dust distributions on

the SEDs of SMGs. Hence, we do not believe that there is any observational evidence

for significant old stellar populations in these galaxies, as required by the Dye et al.

(2008) results. Hainline et al. (2010) have used optical and IRAC photometric data to

calculated an average stellar mass for the Chapman et al. (2005) SMGs and they find

M∗ = (1.4 ± 0.3) × 1011M� (converted to Salpeter IMF), comparable to our survey and

a factor of ∼ 5 lower than Dye et al. (2008).

In Fig. 6.5 we also show the absolute H-band magnitudes of SMGs in the ΛCDM

galform model (Baugh et al. 2005), which assumes a top-heavy IMF with slope x = 0.

We consider only galaxies with S850µm > 3 mJy and fluxes in the IRAC 4.5 µm filter

brighter than our detection limit (4.5 µm corresponds to the rest-frame H-band at z ∼

2). Swinbank et al. (2008) showed that galform predicts rest-frame absolute K-band

luminosities of SMGs which are a factor of ten lower than observed. This arises primarily

due to an order of magnitude lower stellar masses than implied by observations for SMGs

(see also Lacey et al. 2010). As Fig. 6.5 shows the predicted rest-frame H-band magnitudes

of the model SMGs are also a factor of ten lower than our observations. Indeed, if SMGs

formed stars following the prescriptions used in the Baugh et al. (2005), then few of the

SMGs above a redshift of z ∼2 would have be detected in the IRAC observations of the

ECDFS, which many actually are.

6.2.4 Specific star-formation rate

The SFR per unit stellar mass – the specific star-formation rate – can be used as a measure

of the length of the current burst of star-formation and the formation timescale of the

galaxy. We follow Kennicutt (1998), who assumes a Salpeter IMF with upper and lower

mass limits of 0.1 and 100 M� respectively, to calculate the SFRs of the LESS SMGs

from their inferred far-infrared luminosities (Chapter 5). We derive a median SFR of

1100±200 M�yr−1 and an interquartile range of 300–1900 M�yr−1. The median specific

star-formation rate sSFR = SFR/M ∗ = (1.2±0.1)×10−8yr−1 and the interquartile range

is (0.6–1.8)×10−8yr−1. Although again, we caution that due to the uncertainties in the

stellar mass estimates there is an additional factor of ∼ 5 uncertainty in these values (see

Chapter 4 for a full discussion). The median formation timescale of the LESS SMGs is

thus ∼ 100 Myr and it is feasible that all of the stellar mass we see could be formed in

the current burst. In Fig. 6.6 we plot the trend of sSFR against the redshift of the LESS

SMGs. We note that the apparent lack of galaxies with low sSFR at high redshifts is
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Figure 6.6: A plot of specific star-formation rate (sSFR) versus redshift for the LESS

SMGs. Galaxies are colour-coded by mass and we show the median error bar in the top-

left hand corner and note that similarly to Fig. 6.5 the error in sSFR is correlated with

that in redshift. The arrow represents the gradient of the trend in sSFR with redshift

for IRAC-selected galaxies with log10(M∗) = 10.3–10.8M� , offset in sSFR by two orders

of magnitude for the purpose of display. We note that due to the requirement for radio

counterparts no SMGs are detected in the high redshift and low sSFR region of this plot.

Similarly, the short lifetime of SMGs with sSFR & 10−7yr−1 and the limited volume of

our survey means that few SMGs with very high sSFRs are detected. However, the dearth

of SMGs at z . 1.5 with sSFR & 10−8yr−1 may indicate an upper-limit to the sSFR of

SMGs with a similar scaling to the trends seen in lower activity galaxies at lower redshifts

(Damen et al. 2009).

a selection effect due to the requirement for a radio counterpart and that galaxies with

sSFR & 10−7yr−1 are rare due to the brevity of the burst phase. However, the dearth

of SMGs at z . 1.5 with sSFR ∼ 10−8–10−7 yr−1 is not a selection effect and this upper

envelope may be following the same trend in sSFR with redshift seen in galaxies with

similar masses but lower SFRs (e.g. Damen et al. 2009), indicating a decline in the SFR

at low redshifts.
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6.2.5 Volume density of SMGs

Finally, we relate our new estimate of the redshift distribution of SMGs (Chapter 5)

to constraints on the evolution of their likely descendants: massive early-type galaxies

(Swinbank et al. 2006). As we showed in Chapter 5, the bulk of the SMG population

with observed 870-µm fluxes above ∼ 4mJy lie at redshifts of z ∼ 1.5–3 with a median

redshift of z ∼ 2.5. We estimate that the volume density of SMGs at z = 2–3 above

our flux limit is 1.2 × 10−5 Mpc−3, where we include both the identified and statistically

identified samples in this estimate (Chapter 5). Using a characteristic lifetime of the SMG

phase of ∼ 100 Myr (§ 6.2.4), we can correct this density for the burst duty cycle to derive

a volume density for the remnants of 2× 10−4 Mpc −3. As we have shown, the estimated

baryonic masses of these galaxies are ∼ 1.2× 1011 M� combining our best estimate of the

stellar mass with the typical gas masses from Greve et al. (2005). If the burst of star

formation we are seeing in the SMG phase is the last major star formation event in these

galaxies then we expect their descendants to appear as passive, red galaxies at z ∼ 1.5

(> 1 Gyr after z ∼ 2).

There have been various estimates of the volume density of massive, passive galaxies

at z ∼ 1–2 (McCarthy et al. 2004; Daddi et al. 2005; Taylor et al. 2009a). For passive

galaxies with masses of & 1011 M�, the estimated space densities are 1–2 × 10−4 Mpc−3

(at z = 1.5–1.8; Taylor et al. 2009a), 3 × 10−4 Mpc−3 (at <z >= 1.7; Daddi et al. 2005)

and 0.6×10−4 Mpc −3 (at <z>= 1.5; McCarthy et al. 2004). These estimates, with their

various uncertainties, are comparable to the predicted volume density of massive, passive

galaxies if these all undergo an SMG-phase at an earlier epoch. Hence, the starbursts

in SMGs may be responsible for the formation of a large fraction of the passive, massive

galaxies seen at z ∼ 1.5.

We can attempt a similar calculation comparing the SMG population at z > 3 with the

constraints on massive galaxies at z & 2. We estimate the volume density of z > 3 SMGs

as 2.8 × 10−6 Mpc−3. This includes the 10 identified SMGs, 4 ± 2 statistically identified

SMGs and the remaining 21±19 unidentified sources and assumes that they are contained

within a redshift range of z = 3–7 (see Chapter 5). Using a characteristic lifetime of the

SMG phase of ∼ 100 Myr, we can correct this density for the burst duty cycle to derive

a volume density for the remnants of 3.8 × 10−5 Mpc−3. Again the estimated baryonic

masses of these galaxies are ∼ 1.2 × 1011 M�. Unfortunately observable limits on the

volume density of passive galaxies are increasingly uncertain at z > 2, but using the
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estimates from Coppin et al. (2009) of the volume density of massive galaxies of ∼ 1–

5 × 10−5 Mpc−3, we again conclude that it is possible that the SMG population we have

identified is also responsible for the formation of a significant of the most massive galaxies

at z ∼ 2.5.

Thus we conclude that the presence of a sizable population of passive galaxies at high

redshift may be intimately linked to the strong evolution in dust obscured starbursts

in the distant Universe. Theoretical attempts to match the properties of high-redshift

galaxies therefore need to focus on these observable constraints as aspects of the same

problem (Swinbank et al. 2008).

We also estimate the fraction of local massive passive galaxies that underwent a SMG

phase at z = 1–3, the peak epoch of SMG activity. The volume density of passive

galaxies with stellar masses > 1011 M� at z < 0.05 (z ∼ 0.2) is ∼ 6 × 10−4 Mpc−3

(∼ 5 × 10−4 Mpc−3) Taylor et al. (2009a). The volume density of LESS SMGs with

z = 1–3 is 1.1 × 10−5 Mpc−3 and accounting for a ∼ 100 Myr SMG lifetime (§ 6.2.4) the

volume density of the remnants is ∼ 4×10−4 Mpc−3. We conclude the ∼ 65% of z < 0.05

(∼ 80% of z ∼ 0.5) passive galaxies with M ∗ > 1011 M� likley underwent an SMG phase

at z = 1–3.

6.2.6 Clustering of SMGs

We have established that SMGs are massive galaxies at z ∼ 2 that are forming stars

at considerable rates and which have volume densities that suggest to that a significant

fraction of massive passive galaxies at lower redshifts may be the descendants of SMGs.

Therefore, we next investigate the three-dimensional clustering of LESS SMGs to establish

whether the environments of SMGs and the masses of the dark matter halos in which they

reside are consistent with this hypothesis. Weiß et al. (2009) used a two-point correlation

function to study the clustering of the 126 SMGs detected in LESS and found evidence at

the ∼ 3.5σ level for clustering on scales of < 1′, corresponding to 500 kpc at the median

redshift of z = 2.2. In this work we extend these results to investigate the projected real-

space clustering of the 59 identified LESS SMGs at z = 1–3 (Chapter 4), with respect

to ∼ 50, 000 IRAC-selected galaxies in the ECDFS. There are too few SMGs to obtain

a statistically significant measure of their autocorrelation, but cross-correlating with the

numerous IRAC galaxies enables a more reliable measure of the SMG clustering. We limit

our analysis to the peak of the redshift distribution of SMGs, and only consider SMGs at

z = 1–3, to maximise the signal.
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Our method is described in detail in Hickox et al. (in prep.) and is similar to that of

Hickox et al. (2009) but has been adapted, following the formulation of Myers et al. (2009),

to derive the projected real-space cross-correlation function (wP (R)) for galaxies that

may only have photometric redshift information. We use spectroscopic redshifts where

available, but for galaxies with only photometric redshifts we consider the probability

density function (PDF). The PDFs are determined from the SED fitting (Chapter 4),

and the PDFs of each galaxy are normalised such that the integral probability over all

redshifts is unity, i.e.
∫

P (z)dz = 1.

We first calculate the two-point autocorrelation function of the dark matter (shown in

Fig. 6.7) using the halofit code from Smith et al. (2003), assuming ΛCDM cosmology

with ΩΛ = 0.3, Ωm = 0.3, Ho = 70 km s−1Mpc−1, σ8 = 0.9 and the slope of initial

fluctuation power spectrum, Γ = Ωmh = 0.21. We then calculate the angular autocorre-

lation function for IRAC-selected field galaxies (§ 6.2.6.1) to determine the bias of these

galaxies relative to the dark matter, and next calculate the cross-correlation of SMGs

with the IRAC galaxies (§ 6.2.6.2) to determine the relative bias between the SMGs and

IRAC galaxies. Finally, we subtract the bias of the IRAC galaxies, as determined from

the autocorrelation function of IRAC galaxies, to yield the bias of the SMGs relative to

the dark matter, and thus determine the halo masses of SMGs.

In order to calculate the correlation functions we first create random catalogues of

‘galaxies’ at random positions within the actual spatial coverage of our survey. Like

many fields, the ECDFS contains several bright stars with large halos, around which few

galaxies are detected. Therefore, we use the background map produced by SExtractor

from the combined IRAC image during the source extraction procedure (Chapter 4) to

create a mask. This mask is applied to the random catalogues, the SMGs and the IRAC

galaxies so that the positions of the random catalogue is unbiased with respect to the SMG

and IRAC galaxy catalogues. As discussed in Chapter 4, during the source extraction

procedure we manually examined the regions around SMGs, adding additional apertures

to include potential SMG counterparts that may have been missed in the automated

procedure. These additional apertures are excluded from the clustering analysis so as not

to bias the results.
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6.2.6.1 Angular autocorrelation of IRAC galaxies

We calculate the angular autocorrelation, ω(θ), of IRAC galaxies using the formulation

from Landy & Szalay (1993):

ω(θ) =
1

RR(θ)
[DD(θ) − 2DR(θ) + RR(θ)] (6.2)

where RR(θ), DD(θ) and DR(θ) are the number of random-random, data-data and data-

random galaxy pairs at a separation θ, respectively. Since the evolution of large scale

structure in the Universe causes the galaxy autocorrelation function to vary with redshift

it is important that the IRAC galaxies in this analysis have the same redshift distribution

as the SMGs that are included in the cross-correlation (§ 6.2.6.2). The full sample of

IRAC galaxies has a redshift distribution that peaks at lower redshifts than the SMGs

and contains many galaxies whose PDFs do not overlap in redshift space with the SMGs.

Therefore, in our analysis we only include IRAC galaxies with PDFs that overlap with

SMGs at z = 1–3; these are the galaxies that dominate the cross-correlation analysis

(§ 6.2.6.2).

We show in Fig. 6.7 the angular autocorrelation, for IRAC galaxies with PDFs that

overlap with SMGs at z = 1–3, where uncertainties in ω(θ) are from bootstrap resampling.

We calculate the bias of the IRAC galaxies (bgal) by scaling the autocorrelation function of

the dark matter to fit that of the galaxies, taking into account the correlation of individual

points and errors in the fitting procedure. The scaled dark-matter fit is shown in Fig. 6.7

and has bgal = 2.00±0.08, and corresponding to halo mass (Mhalo,gal), calculated according

to Sheth et al. (2001), for the IRAC galaxies of log10(Mhalo,gal/M�) = 12.17 ± 0.09.

6.2.6.2 Cross-correlation of SMGs and IRAC galaxies

The projected real-space correlation function (wp(R)) is the integral of the real-space 3-D

correlation function, ξ(r), along the line of sight:

wp(R) = 2

∫ πmax

0
ξ(R, π)dπ (6.3)

where R is the projected comoving separation between galaxies perpendicular to the line

of sight and π is the equivalent measure parallel to the line of sight. We consider wp(R),

instead of ξ(r) and integrate along the line-of-sight to remove the effect of redshift-space

distortions that are caused by the peculiar motions of galaxies. In Fig. 6.8 we show the

projected real-space cross-correlation of the 59 LESS SMGs at z = 1–3 with IRAC galaxies

with PDFs that overlap with the SMGs, where wp(R) is calculated using the method of
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Figure 6.7: Autocorrelation function of IRAC-selected galaxies in the ECDFS with PDFs

that overlap with SMGs at z = 1–3. The dotted line shows the autocorrelation of dark

matter and the solid line shows the dark matter scaled to fit the data. We measure the

galaxy bias as bgal = 2.00 ± 0.08, corresponding to halo mass of log10(Mhalo,gal/M�) =

12.17 ± 0.09. Data points are not independent and errors are from bootstrap resampling.
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Myers et al. (2009) (see also Hickox et al. in prep.). We have restricted the analysis

to SMGs with z = 1–3, corresponding to the peak of the SMG redshift distribution

(Chapter 5), to maximise the signal. Once again we calculate the dark-matter correlation

function (Smith et al. 2003) and use a simple scaling to fit it to the data. From this analysis

we calculate that the relative bias of the SMGs and IRAC galaxies is bSMGbgal = 5.2±1.7.

We remove the contribution from the IRAC galaxies (§ 6.2.6.1) and hence derive SMG

bias, bSMG = 2.6 ± 0.9. Using the formalism of Sheth et al. (2001) we calculate that

the corresponding SMG halo mass at z ∼ 2 is log10(Mhalo,SMG/h−1M�) = 12.6+0.5
−0.8, or

Mhalo,SMG = (6+12
−5 ) × 1012 M�.

Traditionally, the correlation is used to describe the strength of clustering. This

is derived from ξ(r), which is observed to be a power-law, with the functional form

ξ(r) = (r0/r)
γ , where r0 is the correlation length and γ is the power-law index. For our

formalism, and in terms of the projected real-space correlation, the form is:

wp(R) = R
(r0

R

)γ Γ(1/2)Γ[(γ − 1)/2]

Γ(γ/2)
(6.4)

where Γ represents the Gamma Function, whereby Γ(n) = (n−1)!. We fit this form of the

power-law to the projected real-space correlation function of SMGs and IRAC-galaxies in

Fig. 6.8, and derive r0 = 4.4 ± 0.6 h−1Mpc, and γ = 1.9 ± 0.2.

Our correlation analysis is restricted by the requirement that included SMGs are

identified and have photometric redshifts. However, we consider it unlikely that the

results are biased by the exclusion of unidentified SMGs. As we showed in Chapter 5,

∼ 60% of the unidentified SMGs have a redshift distribution similar to the identified

SMGs, but contain more cold dust so they are not identified in the radio, 24-µm, or

IRAC analyses. These galaxies are detected in our IRAC imaging and appear to have

similar stellar masses and therefore likely also have similar clustering. We also show in

Chapter 5 that the remaining ∼ 40% of unidentified SMGs are not detected in our IRAC

imaging and argue that they are typically high redshift galaxies with z & 3. Thus these

SMGs would not be included in our clustering analysis even if they had been identified.

We have calculated that on average SMGs at z = 1–3 occupy halos of mass ∼ 6 ×

1012 M�. Moster et al. (2010) recently showed that the expected stellar mass of galaxies

in halos with Mhalo ∼ 6 × 1012 M� at z = 2 is ∼ 7 × 1010 M�, in reasonable agreement

with our estimates of the stellar masses of SMGs (§ 6.2.3). At z = 2 the efficiency of

mergers to trigger starburst and QSO activity peaks at Mhalo ∼ 1012 M� (Hopkins et al.

2008b), confirming that SMGs likely represent the peak of the star-formation activity of
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Figure 6.8: Projected real-space cross-correlation of LESS SMGs at 1 6 z 6 3 and IRAC

galaxies in the ECDFS that have overlapping PDFs. We show the correlation of the

dark matter, and the fit of the dark matter to the data, corresponding to a combined

bias for the SMGs and the IRAC galaxies of bSMGbgal = 5.2 ± 1.7, and bias of the SMGs

of bSMG = 2.6 ± 0.9. Thus we calculate the halo mass of SMGs as log10(Mhalo,SMG) =

(6+12
−5 )×1012 M�. We also show the power-law fit to the projected real-space correlation-

function (as described in the text), which has a correlation length, r0 = 4.4±0.6 h−1Mpc,

and γ = 1.9 ± 0.2.
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major mergers. We also note that QSOs reside in halos of mass Mhalo ∼ 3 × 1012 M�

– comparable to SMGs (e.g. Croom et al. 2005; Ross et al. 2009). As we showed in

Chapter 5 the peak epoch of QSO activity corresponds with the peak epoch in star-

formation activity from SMGs. This, in combination with the similarity of the halo

masses of these two populations provides further evidence that they are likely related,

and may be part of the same evolutionary sequence of merging galaxies at high redshift

(e.g. Hopkins et al. 2008b).

On average halos of mass ∼ 6× 1012 M� at z = 2 evolve into 1014 M� halos at z = 0

(Cole et al. 2008), although there is significant variation in the mass evolution. Locally,

halos of this mass are predicted to be early-type galaxies & 90% of the time (e.g. Hopkins

et al. 2008a), and the richest galaxy clusters at z = 0 have halo masses up to ∼ 1015 M�.

The errors and intrinsic scatter on all these calculations are significant, and therefore, the

calculated halo masses of SMGs are consistent with typical SMGs evolving into massive

early-type galaxies, in agreement with our calculations of the space density of SMGs and

early-type galaxies (§ 6.2.5).

6.3 Conclusions

In this Chapter we have used the sample of 74 SMG counterparts from the LESS survey

of the ECDFS to investigate the physical properties of SMGs.

We detect evidence for AGN activity in 15 (20%) LESS SMG counterparts. We find

a lower fraction of SMGs with X-ray signatures of AGN than previous surveys (15%),

however, this discrepancy is likely due to shallower data in the ECDFS and biases in

some other samples. Nine of the LESS SMG counterparts (of which six are also X-ray

detected) are identified as AGN due to an excess 8-µm flux compared to the best-fit SEDs.

Two of these SMGs are also optically-identified QSOs (3%) and we detect one radio-loud

AGN in the SMG sample (1%). There is evidence that many of the SMGs with excess

8-µm flux are obscured at X-ray energies. In addition, the variety of SMGs identified

as AGN from each of the techniques discussed suggests that none of these methods can

identify all the AGN and that they must be used in combination.

The median rest-frame H-band absolute magnitude of the LESS SMGs is MH =

−24.1 ± 0.1 with an interquartile range of −24.7 to −23.6. Using MH and adopting the

average mass-to-light ratio from Hainline et al. (2010) (converted to a Salpeter IMF) we

calculate that the median stellar mass of the LESS SMGs is (9.2±0.9)×1010M�, with an



6. The physical properties of SMGs 178

interquartile range of (4.7–14) × 1010M�. However, uncertainties in the star-formation

histories results in an additional factor of ∼ 5 uncertainty in the mass-to-light ratios and

hence the derived stellar masses. We use a real-space 3-D cross-correlation analysis to

show that SMGs at z = 1–3 are strongly clustered and typically reside in dark-matter

halos with masses of Mhalo,SMG = (6+12
−5 ) × 1012 M� at z = 2.

The stellar masses, halo masses and the volume density of LESS SMGs at z = 2–3

are comparable to those of massive, passive galaxies at z ∼ 1–2, and similarly the volume

density of z > 3 SMGs is comparable to the limits on the numbers of massive galaxies

at z ∼ 2–3. Based in the remnant density of SMGs we calculate that ∼ 65% of passive

galaxies with M ∗ > 1011 M� at z ∼ 0 underwent and SMG phase at z = 1–3 (the

peak epoch of their activity). We also note that QSOs have comparable halo masses

(Mhalo ∼ 3 × 1012 M�; Croom et al. 2005; Ross et al. 2009) to SMGs, and as we showed

in Chapter 5 the peak epoch SMG activity corresponds to that of QSOs. This suggests

that the activity in these two populations is related, and that they may be part of the

same evolutionary sequence of high-redshift galaxies into massive, passive, cluster galaxies

in the local Universe.



Chapter 7

Conclusions

In this thesis I have examined obscured active galaxies at high redshift, and considered

the local population of massive, passive cluster galaxies, which may be the descendants of

the high redshift starbursts. I conclude by summarising the main findings and discussing

the remaining unanswered questions and potential avenues for further study.

7.1 Summary of main results

7.1.1 The galaxy populations in rich clusters at z ∼ 0.2

We began this work by investigating the evolution of dwarf galaxies onto the colour-

magnitude relation (CMR) in clusters at z ∼ 0.2. By comparing the ratio of red-sequence

dwarf-to-giant galaxies (RDGR) with published data we confirm the evolution of the

RDGR from low values at high redshifts to high values locally. Similarly to previous

authors, we interpret this evolution as evidence that increasing numbers of faint, blue,

star-forming galaxies are being transformed onto the cluster red-sequence in recent times.

We statistically combine data from nine clusters at z ∼ 0.2 to examine the variation

of the RDGR with clustercentric radius and local giant galaxy density. In the outskirts of

clusters, where the local density is typically low, there are relatively few galaxies on the

CMR. The relative fraction of dwarf galaxies on the CMR increases towards the central

higher-density regions and in the highest density, inner regions of the clusters the relative

fraction of CMR dwarf-galaxies decreases. We interpret these trends are evidence that

dwarf galaxies are transformed onto the red-sequence by the cluster environments, but

that in the highest density, inner regions of the clusters the dwarf galaxies are dynamically

disrupted. This disruption causes them to fade below our selection limits as luminous
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material is stripped from them. We estimate that on average such interactions remove

∼ 17% of the stellar mass from dwarf galaxies in the centres of clusters.

7.1.2 Searching for ULIRGs in a galaxy cluster at z = 0.54

We next use AzTEC 1.1-mm observations of the galaxy cluster MS0451−03 at z = 0.54

to search for active star-forming galaxies within the cluster environment. We detect 36

sources with S/N> 3.5 in a 0.10 deg2 map which is centered on the cluster. Counter-

parts to 18 sources (50%) are identified using radio, mid-infrared, Spitzer IRAC and

Submillimeter Array data and we compile optical, near- and mid-infrared spectral energy

distributions for the 14 of these galaxies with detectable counterparts. We use photo-

metric redshifts to separate background galaxies from potential cluster members and test

the reliability of this technique using archival observations of submillimetre galaxies. The

photometric redshifts suggest that there are at most two cluster members, which, if they

are both cluster galaxies have a combined star-formation rate (SFR) of ∼ 100 M�yr−1

– a significant fraction of the SFR of all the other galaxies in MS0451−03. If they are

cluster members these galaxies will likely transform onto the cluster red-sequence as the

starburst extinguishes.

We also examine the stacked rest-frame mid-infrared, millimetre and radio emission

of cluster members below our AzTEC detection limit and find that the SFRs of mid-IR

selected galaxies in the cluster and redshift-matched field populations are comparable. In

contrast, the average SFR of the morphologically classified late-type cluster population

is ∼ 3× less than the corresponding redshift-matched field galaxies, suggesting that these

galaxies may be in the process of being transformed on the red-sequence by the cluster

environment. Our survey demonstrates that although the environment of MS0451−03

appears to suppress star-formation in late-type galaxies, it can support active, dust-

obscured mid-IR galaxies and potentially millimetre-detected LIRGs.

7.1.3 Properties of 870-µm selected SMGs

Finally, we use extensively tested photometric redshifts to investigate the properties of

126 SMGs selected at 870 µm by LABOCA observations in the Extended Chandra Deep

Field South (ECDFS). The SMGs are identified from radio, 24 µm and Spitzer IRAC

data, yielding 74 optically and near-infrared detected, robust counterparts to 68 of the

126 SMGs.
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The median photometric redshift of identified SMGs is z = 2.2 ± 0.1, with an in-

terquartile range of z = 1.8–2.7, including 10 (∼ 15%) high-redshift (z > 3) SMGs. Using

a statistical analysis of sources around unidentified SMGs we identify a population of

likely counterparts with a redshift distribution peaking at z = 2.5±0.3, which likely com-

prises ∼ 60% of the unidentified SMGs. This confirms that the bulk of the undetected

SMGs are co-eval with those detected in the radio/mid-infrared. We conclude that at

most ∼ 15% of all the SMGs are below the flux limits of our IRAC observations and

lie at z & 3; hence around ∼ 30% of all SMGs have z & 3. We estimate that the full

S870µm > 4 mJy SMG population has a median redshift of 2.5 ± 0.6.

We detect signatures of AGN activity in 20% of the SMGs, and find that it is neces-

sary to use a range of methods to successfully identify all the potential AGN. SMGs with

evidence of near-infrared power law emission, in the form of excess 8-µm flux compared to

the best-fit SEDs, potentially contain AGN from which the the X-ray flux is significantly

obscured. Using a single temperature modified blackbody fit with β = 1.5 we calcu-

late that the median characteristic dust temperature of SMGs is 35.9 ± 1.4 K and the

interquartile range is 28.5–43.3 K. The infrared luminosity function shows that SMGs at

z = 2–3 typically have higher far-infrared luminosities and luminosity density than those

at z = 1–2. This is mirrored in the evolution of the star-formation rate density (SFRD)

for SMGs which peaks at z ∼ 2. The maximum contribution of bright SMGs to the global

SFRD (∼ 5% for SMGs with S870µm & 4 mJy; ∼ 50% for SMGs with S870µm > 1 mJy)

also occurs at z ∼ 2 – the same epoch as the peak of QSO activity.

The median stellar mass of the SMGs derived from SED fitting is (9.2±0.9)×1010 M�,

although we caution that uncertainties in the star-formation histories results in an addi-

tional factor of ∼ 5 uncertainty in the stellar masses. The SMGs are strongly clustered,

with dark-matter halo masses of ∼ 6 × 1012M� at z ∼ 2 – similar to that for QSOs.

Consequently, as suggested by other authors, it appears that SMGs and QSOs may be

different phases of the same evolutionary sequence at z ∼ 2, which is most likely trig-

gered by galaxy mergers. The high masses and strong clustering of SMGs and the space

density of their descendants suggests that at the end of the starburst phase they evolve

into massive early-type galaxies, eventually becoming the CMR galaxies observed in local

clusters.
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7.2 Remaining questions and future research

In this thesis we have used wide-field imaging to consider the populations of galaxies in

low-redshift clusters, and their progenitor populations – LIRGs and ULIRGs, selected

from millimetre and submillimetre data. Although we have made significant progress in

understanding the evolution of these galaxies, as is typical of research many questions

remain unanswered. For example:

Do clusters typically contain LIRGs and ULIRGs? How does their abundance

evolve? Are they distributed evenly throughout the cluster environments? We

have shown that MS0451−03 at z = 0.54 potentially contains two LIRGs; each is likely

a merger-triggered starburst with SFR∼ 50 M�yr−1. Geach et al. (2006) showed that

MS0451−03 contains fewer 24-µm selected galaxies than expected and is underactive

compared to other clusters at z ∼ 0.5. Therefore, it is likely that other clusters may

contain larger numbers of LIRGs and potentially more obscured star-formation activity.

Submillimetre and millimetre surveys of larger numbers of clusters with a range of red-

shifts and spectroscopic confirmation of cluster members will enable us to much better

examine these populations.

What are the conditions in the ISM of SMGs? How does this compare with

local ULIRGs? CO emission from galaxies is a good tracer of H2 gas and observations

have shown that SMGs contain large reservoirs of H2 gas that fuels the starburst. However,

the extent, temperature, density and metallicity of the star-forming regions are not well

understood. It is also currently unclear whether SMGs are simply scaled-up versions

of local ULIRGs or whether the physical processes are different in the two populations.

Submillimetre and millimetre emission lines of several species are required to constrain

ISM models in the different populations.

What are the dynamics of SMGs? As we have discussed it is currently believed that

SMGs are typically triggered by interactions and mergers, and fade as the starburst ends.

Integral-field spectroscopy of statistically significant samples of SMGs will enable us to

measure the dynamical masses of these galaxies and further investigate the distribution

and kinematics of gas in these galaxies, to search for evidence of mergers, and AGN

outflows that could quench the star-formation.

How are the currently unidentified SMGs different from those that are iden-

tified and have been studied? Currently, very little is know about the the 20–40% of

SMGs that are not identified through their radio and mid-infrared emission. In Chapter 5
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we presented tentative evidence that these SMGs have redshift distributions similar to

the identified population, and therefore, likely contain more cold dust than the identified

population. With the advent of new observatories and instrumentation (such as ALMA)

comes the first opportunities to study these galaxies in detail and undertake comprehen-

sive comparisons to radio and mid-infrared identified SMGs.

What are the properties of lower-luminosity obscured star-forming galaxies at

high-redshift? The sensitivity of the current generation of millimetre and submillimetre

cameras is such that only the most luminous examples of obscured high-redshift starbursts

are detectable. With future advances in detector technology we will be able to begin to

detect less luminous examples, potentially leading to a better understanding of their

evolution.

How numerous were the earliest SMGs? Current galaxy formation models predict

that ultraluminous starbursts at z & 4 are rare, although increasing numbers of SMGs are

being detected at z = 4–5, and the observed density is beginning to put pressure on the

models. Therefore, the detection of numerous z & 4 SMGs would add significant observa-

tional constraints to galaxy formation models and could provide a formation mechanism

for the passive red galaxies that are observed at z ∼ 3. The alternative picture of the

major assembly period in these galaxies is through extended, less intense, star-formation

events, which may be detectable with the next generation of far-infrared instruments.

Are SMGs and QSOs really different phases of an evolutionary sequence?

What fraction of SMGs undergo a QSOs and vice-versa? Circumstantial evi-

dence is building that major mergers between gas-rich galaxies at high-redshift triggers

a dusty starburst (the SMG phase), followed by a period of black-hole growth (the QSO

phase). However, hard evidence is still lacking and it is also currently unclear what frac-

tion of SMGs undergo a QSO phase, and what fraction of QSOs have had a period of

SMG activity.

We are extremely privileged to be working at a time when so many new telescopes

and instruments are being commissioned, which have the potential provide solutions to

many of these problems, and undoubtedly produce many more.

SCUBA, on the James Clerk Maxwell Telescope (JCMT) was the first instrument to

detect SMGs, and the arrival of its long-awaited successor, SCUBA-2, is imminent. With

its full complement of science-grade arrays SCUBA-2 will able to perform simultaneous

observations at 450 and 850 µm, and thanks to increased sensitivity and areal coverage
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is expected to be able to perform mapping observations ∼ 1000× faster than SCUBA,

making it ideally suited to performing large surveys. SCUBA-2 is most sensitive at

850-µm and will add many more galaxies to the samples of SMGs currently available.

Indeed, the SCUBA-2 Cosmology Survey (S2CLS) aims to map ∼ 50-square degrees to

σ ∼ 0.7 mJy – significantly wider and deeper than previous work. This data will provide

the largest sample of 850-µm selected SMGs to date and, amongst other things, enable us

to measure the clustering of SMGs much more accurately, perform detailed analysis of sub-

populations of SMGs, and identify examples of rare high-redshift (perhaps even beyond

z = 5) SMGs. In addition, deep, wide-field observations such as these, enable stacking on

sources that are not individually detected and with a survey of the area and sensitivity

of that planned for S2CLS, stacking on subsets of populations (e.g. discriminated by

redshift, luminosity, reddening etc.) is increasingly viable (e.g. Lutz et al. 2010).

The Herschel Space Observatory (Herschel) was launched in May 2009 and, at 3.5 m,

has the largest primary mirror ever flown in space. Herschel is able to perform continuum

surveys at 70-500 µm and is also equipped with spectrometers, which for the first time

are enabling sensitive observations of far-infrared emission lines in extragalactic sources

at cosmological distances. Since Herschel operates at shorter wavelengths than previous

instruments it is sensitive to galaxies with different properties. Indeed, early Herschel re-

sults suggest that samples selected at 250-500µm contain examples of “traditional” SMGs

at z ∼ 2 as well as populations of lower redshift, lower luminosity, active dusty galaxies,

(e.g Amblard et al. 2010). One major advantage of Herschel over existing facilities is that

it can simultaneously map at 250, 350 and 500-µm, providing three distinct points on the

far-infrared SED and far better constraints on the far-infrared luminosity and the char-

acteristic dust temperature than is possible with just one measurement (e.g. Chapter 5).

The spectrometers on Herschel also provide a new opportunity to study the chemical

composition and evolution of the interstellar medium (ISM) of local LIRGs and ULIRGs,

as well as SMGs.

The most highly anticipated submillimetre and millimetre facility in recent years is

the Atacama Large Millimeter/submillimeter Array (ALMA). When completed (expected

2013) ALMA will consist of an array of at least 66 antennae of 6–12 m diameter; early-

science, with 16 antennae is due to begin in 2011. ALMA is located at one of the driest

sites on Earth – in the Chilean Andes at an altitude of 5000 m – meaning that it can op-

erate effectively at wavelengths of 300µm–9.6 mm. Baselines of 15 m–18 km are available,

enabling unprecedented sub-arcsecond spatial resolution at millimetre and submillimetre
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wavelengths. ALMA is such revolutionary facility that we cannot begin to imagine all

the breakthroughs it will make in the coming years. Therefore, we shall limit this discus-

sion to some of major contributions ALMA can make towards answering the questions

introduced above.

ALMA is suited to pinpointing the counterparts of the submillimetre emission in

SMGs, and its unprecedented sensitivity means that it will be much more efficient than

existing facilities such as the Submillimeter Array (SMA). For example, ALMA could

detect the faintest of the LESS SMGs in an exposure of just a few minutes, allowing us to

identify counterparts to the 68 LESS SMGs that do not have robust radio, 24-µm or IRAC

identifications (Chapter 5), in only a few hours. ALMA is also able to carry out blind-

redshift surveys through the detection of multiple CO lines, and thus should be able to

conclusively determine the redshift distribution of currently unidentified SMGs. Resolved

observations of emission lines, harnessing the unique capabilities of ALMA will enable

measurements of the dynamical masses of large numbers of SMGs, providing further

constraints on the populations that evolve from SMGs (e.g. Chapter 6). Furthermore,

unprecedented sensitivity of ALMA means that even late-type galaxies at z ∼ 3 will be

detectable. Indeed, one of the design goals of ALMA is to be able to detect CO or CII

emission from a z = 3 galaxy with the star-formation properties similar to the Milky Way.

The next major new near- and mid-infrared space observatory is the James Webb

Space Telescope (JWST). JWST has a 6.5 m diameter segmented primary mirror and

is due for launch after 2014. The JWST combines much of the wavelength coverage of

the Spitzer Space Telescope (Spitzer) and the Hubble Space Telescope (HST) into one

telescope, with significantly improved sensitivity and resolution, thanks to the the large

primary mirror. The JWST will be able to detect and resolve significantly fainter and

smaller galaxies than is possible with any current instruments, and can help to identify and

characterise many of the most dust obscured SMGs. It should also be able to identify and

measure dust-obscured star-formation in galaxy clusters, and further determine determine

the buildup of galaxies onto the CMR, even out to high redshifts.
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O., Renzini et al., 2006, MNRAS, 372, 565

Ferguson H. C., Sandage A., 1991, AJ, 101, 765

Frayer D. T., Ivison R. J., Smail I., Yun M. S., Armus L., 1999, AJ, 118, 139

Gal-Yam A., Maoz D., Guhathakurta P., Filippenko A. V., 2003, AJ, 125, 1087

Garrett M. A., 2002, A&A, 384, L19

Gawiser E., van Dokkum P. G., Herrera D., Maza J., Castander F. J., Infante L., Lira P.,

Quadri et al., 2006, ApJS, 162, 1

Geach J. E., Smail I., Best P. N., Kurk J., Casali M., Ivison R. J., Coppin K., 2008,

MNRAS, 388, 1473

Geach J. E., Smail I., Ellis R. S., Moran S. M., Smith G. P., Treu T., Kneib J.-P., et al.

E., 2006, ApJ, 649, 661

Geach J. E., Smail I., Moran S. M., Treu T., Ellis R. S., 2009, ApJ, 691, 783



BIBLIOGRAPHY 193

Gebhardt K., Bender R., Bower G., Dressler A., Faber S. M., Filippenko A. V., Green

R., et al. G., 2000, ApJ, 539, L13

Genzel R., Baker A. J., Tacconi L. J., Lutz D., Cox P., Guilloteau S., Omont A., 2003,

ApJ, 584, 633

Giacconi R., Zirm A., Wang J., Rosati P., Nonino M., Tozzi P., Gilli R., Mainieri et al.,

2002, ApJS, 139, 369

Giavalisco M., Ferguson H. C., Koekemoer A. M., Dickinson M., Alexander D. M., Bauer

F. E., Bergeron J., Biagetti et al., 2004, ApJ, 600, L93

Goto T., Takagi T., Matsuhara H., Takeuchi T. T., Pearson C., Wada T., Nakagawa T.,

et al. I., 2010, A&A, 514, A6+

Grazian A., Fontana A., de Santis C., Nonino M., Salimbeni S., Giallongo E., Cristiani

S., Gallozzi et al., 2006, A&A, 449, 951

Gregg M. D., West M. J., 1998, Nature, 396, 549

Greve T. R., Bertoldi F., Smail I., Neri R., Chapman S. C., Blain A. W., Ivison R. J.,

Genzel et al., 2005, MNRAS, 359, 1165

Gunn J. E., Gott III J. R., 1972, ApJ, 176, 1
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