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Abstract

| present new optical and infrared photometry for a statistically omplete sample
of seven sources selected at 1.1 mm. Comparing their photometradshifts with
redshifts from previous 850 m selected surveys indicates that 1.1 mm selected
surveys may be better at nding high redshift sources. | also penfm a banded
Ve/ V5 analysis on the sample, and nd no evidence for a redshift cuto in th
space density of sources. However, the sample size is very small.eifgrm the
same analysis on a statistically complete sample of 38 galaxies seleete850 m.

| nd a evidence for a drop o in space density of sources beyond tweeen z 1-2
as well as for the existence of two di erently evolving sub-populatits separated
in luminosity.

| present a sample of SPIRE sources, selected at 25@, with a set of previously
collected ancillary photometry and either spectroscopic or photagtric redshifts. |
nd that only  1/4 of the sources at redshifts z1 show evidence of undergoing a
major merger. | nd evidence to support a downsizing model of gatg evolution,
where the most massive galaxies form rst. | nd some correlation ih star
formation rate and the gas mass of a galaxy, therefore the drop sosmic star
formation rate sincez = 1 may be caused by a coinciding drop in the average gas
mass of galaxies over this era.

Finally, | discuss the possibility of using imaging spectrometers to lak through

the confusion limit. Taking the SAFARI instrument as a test case | rd that | can

uniquely identify galaxies by their redshift, determined via an automad method.
I nd that this method works for galaxies with uxes as much as ten imes below
the traditional continuum confusion limit. 1 also nd that | can uniquely identify

spectrally confused sources.






A long time ago in a galaxy far, far away....
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Chapter 1

Introduction

1.1 The View in Infrared

Astronomical observations in the mid/far infrared (MIR/FIR) and submillimetre
(submm) is still a relatively young eld of science. There have, howey, in recent
years been a number of great leaps forward in the capabilities of thestruments,
and therefore also in our understanding of the Universe at theseavelengths.
There are a number of instruments currently operating, providing stream of new
insights, and those instruments planned for the future should eod even more

important developments to come.

The MIR and FIR/submm are de ned as being the areas of the elecmagnetic
spectrum that lie in the wavelength bands 5 - 30 and 30 - 1000n, respectively.
The IR is uniquely sensitive to objects at relatively cold temperatue typically
between 3 - 2000K. Most of the emission from galaxies at these wavelengths

comes from thermal continuum emission by dust grains. The remaied comes
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from ne-structure atomic and molecular rotational line emission. Te thermal
dust emission is caused by optical/UV photons emitted by stars beingbsorbed
by dust grains in the galaxy. The dust is then heated and and the lighte-emitted
in the IR.

There is much evidence to support the idea that the vast majorityf not all galaxies
go through an IR phase in their evolution, when the peak of their céinuum

emission is emitted in this wavelength region (e.g., Blain et al., 2002). ledendent
observations in the optical (Bouwens et al., 2007) and IR (Pascaleat., 2009) both
appear to show that this phase occurred at redshifts 1 - 3. Therefore, the IR

waveband is critical for a full understanding of this phase of galaxgvolution.

1.2 Observing in the Infrared

1.2.1 Transmission of the Atmosphere

One of the main di culties in IR astronomy is the opacity of the Earth's atmo-
sphere at these wavelengths. Water vapour in the upper regionfstbe atmosphere
absorbs IR radiation over all but a few wavelength bands. Therefs IR observa-
tions need to be made from above the majority of this water vapoueither from

very high altitude sites, or from space.

An example pro le of the Earth's atmosphere's transmission as a fation of wave-
length is shown in gure 1.1. This shows the IR transmission spectru@s seen
from a site at the summit of Mauna Kea - one of the best ground bas®bserving
sites. There are a number of ‘'windows' across various wavebandseve the ab-

sorption by the atmosphere is low enough that observations may Ineade from a
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high altitude site. These windows exist at around 10, 20, 350, 450, 600, 750 and
800 m. However, observations at 350 and 450n are still extremely di cult, even
at high altitude sites. FIR observations between 20 - 350 m are not possible

from ground based sites, and thus must be made from space basedervatories.

1.2.2 The History of Infrared Astronomy

IR radiation was rst discovered by William Herschel in 1800. When paing
sunlight through a prism he found that if he held a thermometer justoeyond
the red end of the spectrum, the thermometer showed a highemtperature rise
than when it was exposed to the visible sunlight. He concluded with senfurther
experimentation that there must be some form of invisible light beyahthe red

end of the visible spectrum.

The rst IR all-sky map was made in 1967 by Hi Star, operated by thé\ir Force
Cambridge Research Laboratory. The observations were takeg booled IR tele-
scopes placed on rockets, which allowed the sky to be observedrfonutes at a
time. Several high-altitude, ground-based observatories weris@built around this

time, including the Mauna Kea observatory in 1967.

The next great leap came in 1974 with the Kuiper Airborne Observatp (KAO)
(Cameron, 1976), an IR telescope mounted on a C-141A jet trgowet aircraft
which ew up to altitudes of 41,000 feet, which is above 99% of the Bhts water
vapour. KAO continued to operate for the next 20 years making nmgy discoveries,

including the ring of Uranus and water in the atmospheres of Jupiteand Saturn.

A huge leap forward came in 1983 with the rst ever cryogenic, spadorne, IR

observatory: IRAS (Infrared Astronomical Satellite). IRAS suveyed 96% of the
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Figure 1.1: (Values taken from Joint Astronomy Centre, 2004) The percentage transmis-
sion of the Earth's atmosphere as a function of wavelength,n the MIR to FIR/submm.
Results are as viewed from a site on the summit Mauna Kea.
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sky with its four broadband Iters at 12, 25, 60 and 100 m, down to a limiting ux
of aproximately a Jy (Neugebauer et al., 1984). IRAS detected rghly 500,000

IR sources, doubling the number of known IR sources at the time.

A number of IR satellites were launched in the following years, includintpe In-
frared Space Observatory (ISO, Kessler et al., 1996), launched the European
Space Agency (ESA) in 1995. ISO was much more sensitive than IRASd cov-
ered a wider wavelength band, with the Infrared Camera instrumér{ISOCAM,
Cesarsky et al., 1996) covering the region 2.5 - 1 and the Photo-polarimeter
(ISOPHOT, Lemke et al., 1996) instrument covering the region 2.5 4P m. I1SO
also had on board high-resolution spectrometers which gave us tist sensitive
spectroscopic surveys of the sky, including the Short Wave Spexneter (ISO-
SWS, de Graauw et al., 1996) covering the region 2.4 - 45 and the Long Wave
Spectrometer (ISO-LWS, Clegg et al., 1996) covering the region 49.96.8 m.
Operating for around 2.5 years, I1SO led to a number of new discow includ-
ing the rst detections of large amounts of dust in the spaces beten galaxies,

previously thought to be empty.

In 2003, NASA's Spitzer Space Telescope was launched (Werner et al., 2004); the

payload consisting of 3 instruments:

Infrared Array Camera (IRAC, Fazio et al., 2004),

an imaging photometer with four arrays designed to observe at 35,5, 5.8

and 8.0 m.

Infrared Spectrograph (IRS, Houck et al., 2004),

a spectrograph providing both low and high-resolution spectrogup across

the 5 - 40 m waveband.
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Multiband Imaging Photometer (MIPS, Rieke et al., 2004),

an imaging photometer with three cameras designed to observe 4t Z0 and

160 m.

Spitzer is still operating at present (September 2011), and has given us an-
precedentedly sensitive view of the IR Universe over a broad rangewavelengths.
However, its relatively small dish size (0.6 m) means that its observahs are

extremely limited in terms of angular resolution.

The Herschel Space Observatory was successfully launched in May 2009 (Pilbratt
et al., 2010). Hersche] an ESA space-based FIR observatory, operates over the
wavelength range 55-671m. It carries a 3.5 m dish passively cooled to 160 K.

The science payload consists of 3 instruments:

Photodetector Array Camera and Spectrometer (PACS, Poglitbcet al.,
2010),

an imaging camera and spectrometer covering the wavelengths weén 55 -
210 m. The spectrometer has a spectral resolution between R = 10086G00.
Spectral and Photometric Imaging Receiver (SPIRE, Grin et al., 2@0),

an imaging camera with 3 detectors centered on 250, 350 and 508, with
5 1 hour sensitivities of up to 7.8, 9.2 and 10 mJy, respectively, as well a
a Fourier Transform spectrometer covering the region 200 - 670n with a

spectral resolution between R = 20 - 1000 at 250m.

Heterodyne Instrument for the Far Infrared (HIFI, de Graauwet al., 2010),

a herterodyne instrument designed to provide extremely high (asuch as

R = 107) resolving power, over as broad a waveband as possible. The spec-
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trometer can be be operated over two wavebands: 157 - 21@ and 240 -

625 m.

Herschel o ers a combination of higher (relative to 1ISO/Spitzer) angular resolu-
tion, sensitivity and large eld of view over a relatively unexplored wagband, that
will allow us to view great amounts of the previously unseen IR univegsHerschel

is expected to be operational from launch for a period of3 years.

1.3 Technical Limitations and Selection E ects

in IR Astronomy

It is important, in order to fully understand the results from IR/submm observa-
tions, to be able to quantify their limitations and selection e ects, ad be able to

tightly constrain their e ect on the results from observations.

One of the most di cult aspects of IR and submm astronomy is the ideti cation
of optical counterparts. This is due to a number of reasons. IRdmMmM observa-
tions are typically of poorer angular resolution than optical obseations. This, in
conjunction with the faintness of IR/submm bright galaxies in the ofical - due
to their high dust contents - makes the identi cation of these optial counterparts
very di cult. However, there is a bene t of observations in the IR/ submm, beyond
about 100 - 200 m (the typical wavelength of the SED peak) - that of the negative

K-correction due to the shape of galaxies' spectral energy digtutions (SEDSs).



8 CHAPTER 1. INTRODUCTION

1.3.1 K-Correction

A bene t of observing IR/submm galaxies is that, due to the shapefdheir SED,
as their redshift increases the peak of their SED moves into the @pged waveband.
An example shown in gure 1.2 illustrates the e ect where at higher mshifts a
brighter portion of the SED has been shifted into the FIR wavebandThe e ect is
a negative K-correction which results in a counteraction against &hdimming of the
galaxy from the increasing luminosity-distance. Figure 1.3 shows thesect in ac-
tion. As the galaxies move to higher redshifts the peak of their SEDrgssion move
into the various wavebands. The e ect is strongest in the longer walength bands
(typically the e ect is only useful when operating at wavelengths > 100 m, at
wavelengths shorter than this, there can actually be a positive Kecrection, which
makes galaxies appear fainter), where the e ect of the negative-éorrection dom-
inates over the dimming from the increase in luminosity distance, over certain

redshift range.

The negative K-correction e ect gives IR/submm galaxies an incresd apparent
brightness at higher redshifts that is unavailable in other wavelengtregimes. As
such the IR/submm wavebands may provide a uniquely suitable platfion for ob-

serving galaxies at moderate to high redshifts.

1.3.2 Angular Resolution and Confusion

The angular resolution of a telescope,, is described by the equation:

Sl (1.1)
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Where = the wavelength of observation andD = the diameter of the telescope

dish.

Thus, the resolution of an IR observation is much coarser than o, for example,
optical wavelengths, for a telescope with the same dish size. There if we want
IR observations to be at as high a resolution as those at shorter vedengths, we

need to use telescopes with wider diameter dishes.

Problems arise though when considering the fact, as was discussedlier, that
some portions of the IR waveband cannot be observed from graubased obser-
vatories - i.e. they must be made from space. Due to the restrictisron the size
and weight of a payload that can be taken into space by a rocket treeis a strict
limit on the size of dish a space based telescope can have - which thanturn,

limits the achievable angular resolution.

The coarseness of the angular resolution of IR/submm observat® compared to
those at optical wavelengths can make the cross-identi cation (B) of IR/submm

counterparts extremely di cult. One method of XIDing an optical counterpart

for an IR/submm source makes use of high-resolution radio obsations. There
is a strong relationship that has been found - both locally and at highedshifts -
between the IR and radio ux of a galaxy (e.g. Price & Duric, 1992; Yuet al., 2001;
Vlahakis et al., 2007). Due to the relatively low surface density of réa sources
on the sky, the probability of a radio source and an IR source beingiacident on
the sky purely by chance is very small. As radio observations can beade from
the Earth's surface, very high resolution observations can be madsing extremely
large dishes, or interferometers with wide baselines. Thereforeing this IR/radio

ux correlation, the spatial coordinates of an IR/submm source &n be constrained

with very high accuracy. This in turn leads to the much easier identi ation of an
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optical counterpart.

However, the K-correction which allows us to observe IR/submm &ies at high
redshifts, does not similarly benet radio observations. Therefe; in requiring
that IR/submm galaxies also be detected at radio wavelengths, alsetion e ect

is caused which limits observations to galaxies with redshifis< 3.

Another phenomenon caused by the relatively poor angular resalon of IR ob-
servation is that of source confusion. Confusion is caused by theative blurring
of IR sources into one another in deep surveys, greatly reducingraability to
uniquely identify and resolve individual sources. This e ectively de es the depth
to which deep, wide area IR extragalactic surveys should be contket. Once
the confusion limit has been reached, very little useful further infmation can be

extracted from the data.

The e ects of confusion noise can be somewhat overcome throupk use of stack-
ing analyses. Such an analysis was performed on confusion-limitedadfrom the
Balloon-borne Large Aperture Submillimeter Telescope (BLAST) suey (Devlin
et al., 2009; Pascale et al., 2009). Source positions were taken fBpitzer 24 m
catalogue (with IRAC coordinates), within a speci ed ux density bin. The aver-
age ux densities of BLAST objects were then measured at thesegitions. This
was then multiplied by the source density in that bin, and summed ovall other
bins. This method makes it possible to estimate the contribution of # Spitzer
galaxies to the cosmic infrared background at BLAST wavelength$jowever it

doesn't make it possible to resolve the background into individual sozes.

A more extreme form of confusion that can occur in IR surveys is & of spectral

confusion. Spectral confusion most adversely e ects spectsalrveys - the spectra
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of heavily confused sources can merge, appearing as one singletgpa, with their

spectral features not being uniquely resolvable from one-anothe

1.4 The Cosmic Infrared Background

The cosmic infrared background (CIB) peaks at 150 m and comprises the
total IR emission from all sources in the sky (e.g. Dole et al., 2001; &lb et al.,
2002). It has been found to contain as much energy as the comlaneptical/UV
extragalactic background (see gure 1.4). As the most of the CIBs thought to
be powered by thermal dust emission, caused by the the absorptiof optical/UV
photons, this suggests that half of all light emitted by stars and diwe galactic
nuclei (AGN) is absorbed by dust before we are able to observe it ihg optical
(Hauser & Dwek, 2001). Locally, the IR output of typical galaxies isnly one third
of their optical output (Soifer & Neugebauer, 1991), which implieg®ng evolution

in the IR properties of galaxies as one moves to high redshift.

Submm galaxies (SMGSs), rst detected at 850 m with the Submillimetre Common
User Bolometer Array (SCUBA) (Holland et al., 1999), are a signi canpopulation
of high redshift star forming galaxies (e.g., Hughes et al., 1998a; Blagt al.,
2002). They are believed to be dust-enshrouded galaxies undengoprodigious
levels of star formation (e.g., Hughes et al., 1998a; Eales et al., 1999)which
the optical/UV radiation emitted by the stars is absorbed by the dusand then
re-emitted in the submm. Star formation rates in excess of 1000 Mr ! have
been inferred (Scott et al., 2002), much higher than locally. The gales in these
samples have been found to account for up to one tenth of the &tCIB (e.g., Dye

et al., 2007) and many authors have argued that these galaxies dne progenitors
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for the elliptical galaxies we see in the local Universe (Eales et al., 19%xott
et al., 2002; Dunne et al., 2003).
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Figure 1.4: (Figure taken from Dole et al., 2006) Estimate of the cosmic optical and
infrared backgrounds in the Universe (COB and CIB, respectvely). The blue and red
shaded regions show the COB and CIB, respectively.

Attempts have been made to resolve the CIB at 15m (ISOCAM), 24 m (MIPS),

160 m (ISOPHOT) and 850 m (SCUBA) (Elbaz et al., 2002; Papovich et al.,
2004; Juvela et al., 2000; Smail et al., 2002, respectively). Howewere peak of
the CIB lies at 150 m; a wavelength band which, due to the technical limita-
tions of IR astronomy, has yet to be resolved into individual sourse Thus our
understanding of the make-up of the CIB is heavily reliant on extrapation. For

example, the energy density of the CIB at 850m, the region at which SMGs were
discovered by SCUBA, is 30 times less than that at 150 m, where the CIB is at

its maximum. Therefore the launch oHersche] which is able to observe around the
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peak of the CIB and which is una ected by the opacity of the Earth'satmosphere
at these wavelengths, means that we are now able to resolve a sigant fraction

( 15%, Oliver et al., 2010) of the CIB that has been previously unobseble.

1.4.1 The Infrared Galaxy Population

Galaxies that make the most signi cant contribution to the CIB (as vell as normal

galaxies) include :

High Redshift Galaxies - Galaxies at high redshifts which are obsertakin

the IR/submm due to the bene cial e ects of their negative K-corection.

Starburst Galaxies - Galaxies in which there is strong dust heating pered

by intense, ongoing star-formation.

Active Galactic Nuclei (AGN) - Galaxies in which there is strong dust hating

powered by AGN mass accretion.

Ultraluminous/Luminous Infrared Galaxies (U/LIRGS) - galaxies whit have
an intrinsic IR luminosity of Lg 1000m > 10"L and Lg 1000m > 10%L

respectively.

U/LIRGs have been found to be, almost exclusively, merging galaxystems (e.g.
Farrah et al., 2001; Bushouse et al., 2002; Veilleux et al., 2002, 2Q08hey are
powered by a composite of AGN mass accretion and star formatiomdting, and
there are a number of spectroscopic diagnostic tools in the MIR thenay be used
to estimate the contribution each component makes to the totalR luminosity of

the galaxy. Typically, we expect a galaxy which is predominantly AGN pmered to
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be host to a harsher radiation eld than a starburst powered galgx Knowing this,
it is therefore possible to diagnose the heating mechanisms by whidtetgalaxy is
powered, using a variety of spectral features (e.g., Genzel et d998; Genzel &

Cesarsky, 2000; Laurent et al., 2000).

Another feature commonly seen in IR spectra are polycyclic aromahydrocarbons
(PAHs). PAHs are particles consisting of fused aromatic rings of dyogen and
carbon which, when exposed to moderately intense UV elds, gea¢e a set of
spectral features at 3.3, 6.2, 7.7, 8.6, 11.3 and 12.ih (see Puget & Leger, 1989;
Duley & Williams, 1981). The PAH features in a predominantly AGN powesd
galaxy are much weaker than in a starburst powered galaxy. This isast likely
due to the destruction of the PAH molecules by the harsher UV eld foan AGN

powered galaxy.

Other features commonly used to diagnose an IR galaxy's heating chanisms are
the ne structure lines. Again due to the harsher radiation eld of an AGN powered
galaxy relative to a starburst powered galaxy, we expect to see hgy excitation
emission lines in the AGN powered galaxies. Therefore, by measurirg trelative
strengths of certain diagnostic emission lines (eg. [NeV]1418/[Nell]12.8 m and
[OIV]25.9 m/[Nell]12.8 m) it is possible, not only to determine what is the dom-
inant heating mechanism, but also the fractional contribution AGN ad starburst

powering make to the dust heating.

Using these diagnostic methods, observations of local U/LIRGs pgar to show that
they are dominated by starburst heating (e.g. PAHs - Dudley, 199®Rigopoulou
et al., 1999; Imanishi et al., 2007) (e.g. ne structure lines - Genzet al., 1998;

Sturm et al., 2002; Farrah et al., 2007).



16 CHAPTER 1. INTRODUCTION

An evolutionary sequence for U/LIRGs was rst proposed by Sareds et al. (1988)
wherein U/LIRGs, appearing to be systems of merging galaxies, gbrough an
initial starburst dominated phase and then transition into an IR-bight AGN dom-
inated phase. These phases are then followed by an IR-quiet quaphase and

nal passive elliptical phase.

SMGs are commonly thought of as being the high-redshift analogué WLIRGS.
Recent MIR spectroscopic observations of SMGs using tBpitzer IRS have shown
that SMGs are typically starburst heating dominated (MerendezDelmestre et al.,
2007; Pope et al., 2008). However, there also appears to be a smaltgulation of
AGN powered SMGs, which may represent a slightly later stage in thev@ution
of SMGs (Coppin et al., 2010), in agreement with the high-redshift ietrpretation

of the evolutionary model presented in Sanders et al. (1988).

The reliable determination of the processes by which IR galaxies arewered is,
to date, still extremely di cult. There is increasing evidence for di erences in the
heating mechanisms between local U/LIRGs and SMGs (e.g., Hailey-Bgheath,
2008; Merendez-Delmestre et al., 2009). Therefore, in order toore fully under-
stand the nature of the sources making up the CIB, observatiomaust not only
be able to spatially resolve those component sources, but they masso be able
to spectrally resolve emission features, thereby providing insightdheir ongoing

internal processes.

1.4.2 The Evolution of the CIB

Locally, LIRGs make a negligible contribution toL o per unit comoving volume.

However, their contribution increases by a factor of 70 by redshiftsz 1 (e.g.,
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Chary & Elbaz, 2001; Le Floc'h et al., 2005). There is considerable egitte for a
coinciding increase in the cosmic star formation rate (the averageasformation
rate per unit mass) by a factor of 10 over this same redshift range (e.g., Lilly
et al., 1996; Hogg et al., 1998; Madau et al., 1998; Flores et al., 199%aFtma
et al., 2000; Hopkins, 2004). The decline in star formation rate sing 1 has
been linked to the coinciding decrease in the number of LIRGs (Le Flbcet al.,
2005). As LIRGs appear locally to be powered by mergers (Sandé&sMirabel,
1996), it is not unreasonable to postulate that the decrease in theosmic star
formation rate may be caused by a decline in the number of major ngars since

redshift z 1.

In this thesis | will present HerschelSPIRE data with ancillary optical data and
use this to determine whether a decline in the rate of mergers sindast redshift
could be the cause for the decline in the cosmic star formation rater whether it

can be otherwise accounted for.

1.5 The Future of Extragalactic Infrared Astron-

omy

There are a number of planned space based IR missions for the nadure. Of
particular note is the proposed JAXA-led SPICA (Space Infrared dlescope for
Cosmology and Astrophysics) mission (Nakagawa, 2010)t will have a primary
dish diameter of 3.2m, which will be cooled down tg 6 K, and so will o er a great

leap in sensitivity overHerschel One of the included onboard instruments will be

1As SPICA, and its onboard instruments, is currently an instrumental concept, its technical
speci cations are still under revision. Throughout this thesis, useis made of a number of di erent
revisions of these speci cations, the details of which can be found imppendix A
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SAFARI (SpicA FIR Instrument) - a high resolution, imaging, Fourier Transform

spectrometer, covering the 35 - 210m waveband with an instantaneous FoV of 2'
2'. It will o er a range of resolving powers, varying from R 20 - 2000 between

its low and high resolution modes. Its 5 10 hour sensitivity is currently estimated

to be 2 mJy.

At a resolving power of R = 1000 (at 120 m) the wavelength resolution of SA-
FARI is matched to the typical width of emission lines in the MIR/FIR. Clements
et al. (2007) has suggested that, since MIR/FIR emission lines mayelseveral
times brighter than the traditional continuum confusion limit, that t hey could be
used to overcome some of the e ects of confusion. The work mtatethe use of
a FIR imaging spectrometer, with the speci cations of SAFARI, in reolving spa-
tially confused sources via the detection of FIR/MIR emission lines amrsubsequent
estimation of the source redshift. In this thesis | present the raks of my own

investigation, which models a much larger region of sky, populated bpurces using
two di erent evolutionary models, with more realistic spectra, repesentative of the
sky as observed by an imaging spectrometer with the speci catioms SAFARI. |

also perform a more rigorous investigation into the ability of the sammethod to

resolve spectrally confused sources.

1.6 This Work

Chapter 2 :
| present a set of new optical and IR photometry, and a set of phmmetric redshifts,
for a statistically complete set of seven sources selected at 1.1 nwith accurate

coordinates. | perform a bandedve=V, analysis on this galaxy set, and on a
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statistically complete sample of 38 galaxies selected at 85t from the GOODS-
N eld. In doing this, | examine the results for evidence of a redshiftuto in the
space density of the sources - and whether the galaxy sample caskparated into

di erently evolving sub-populations.

Chapter 3 :

| present a set of SPIRE photometry for 116 sources selected 280 m in the
GOODS-N eld, as well as a set of previously collected ancillary photaetry at
UV, optical, NIR and MIR wavelengths. Most of these sources hawpectroscopic
redshifts. Where one is not available | estimate a photometric redéh | then
separate these sources into sets of redshift bands and countvhmany sources

show evidence of undergoing mergers or have spiral morphology acle band.

Chapter 4 :

| use the model of da Cunha et al. (2008) to obtain median likelihoodtesates of
star formation rates, stellar masses and dust masses for the ggiaample presented
in chapter 3. | plot star formation rate as a function of redshift, gllar mass and
dust mass, in order to attempt to determine what may be the cause the dramatic

decrease in star formation rate since redshifts 1.

Chapter 5 :

| present the results of my investigation into the e ectiveness of NR/FIR, wide-

area spectroscopic surveys in breaking the confusion limit. | use BXRI, a
FIR imaging Fourier Transform Spectrometer concept for the pmosed JAXA-
led SPICA mission, as a test case. | generate arti cial skies repessative of 40
SAFARI footprints, populated with sources based on two di erentgalaxy evolu-
tion models. | implement a fully automatic redshift estimation algorithmon these

arti cial skies in order to determine how well I can use this method tainiquely
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resolve the sources, and through using this additional informatipnvhether | am

able to distinguish between the two evolutionary models.

Chapter 6 :

| present the results of my investigation into how well my fully automeed redshift
estimation method (as presented in chapter 5) can uniquely identifgpectrally
confused sources. | constrain the method's e ciency as a functioof component
source redshift and ux, and attempt to determine what are the &y e ects which

most limit the method's e ectiveness in breaking spectral confusion

Chapter 7 :

| present the main conclusions of all the work presented in this thies



Chapter 2

Is There a Redshift Cuto for

Submillimetre galaxies?

2.1 Introduction

Observations of SMGs at 1 mm bene t from a negative K-correction out to high
redshifts due the shape of their spectral energy distribution (3B). As the redshift
of an SMG increases, the peak of its rest-frame SED moves towdh& observed
waveband, o setting the dimming caused by the increasing luminositdistance.
This fact accounts for the surprising ability of SCUBA to nd large nunbers of

high-redshift galaxies.

The large amount of dust responsible for the strong submm emissigives rise to
high levels of attenuation in the optical. This, in conjunction with the por angular
resolution of single-dish submm facilities, makes the cross identi gah of SMGs

at di erent wavelengths di cult. Moreover, even when an optical munterpart can

21
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be identi ed, the high levels of dust attenuation makes the determation of a

spectroscopic redshift di cult. As such we are currently unable taletermine spec-
troscopic redshifts for the majority of SMGs. The strong correteon between dust
emission and radio emission which appears to hold true in both the loweshift

and high-redshift universe (Vlahakis et al., 2007) has been usefal both identi-

fying the counterparts and estimating redshifts. Due to the low stace density of
radio sources on the sky, the probability of the radio counterpatieing coincidental
with the submm source by chance is small. Due to the high positional @azacy
of radio observations, it is then possible to identify the optical couerpart and

measure a spectroscopic redshift. It is also possible to estimate ttedshift using
the ratio of radio to submm ux (e.g., Hughes et al., 1998a; Carilli & Yun 1999,
2000; Smail et al., 2000).

Chapman et al. (2005), using the Low Resolution Imaging Spectraph (LRIS)
(Oke et al., 1995) on the Keck | telescope, managed to obtain sp@scopic red-
shifts for a total of 73 radio-identi ed SMGs with a median 850 m ux of 5.3 mJy.
The galaxies in this sample were found to lie at a median redshift af= 2:2 out
to a maximum value ofz,.x = 3:6. However, the K-correction which allows us to
detect high-redshift SMGs does not similarly bene t their radio uxes and so radio
identi ed SMGs are subjected to a radio selection e ect which limits réshifts to

approximately z < 3.

Pope et al. (2006) produced the rst complete (i.e. not requiring i@io IDs) sample
of SMGs selected at 850m that has close to 100% redshifts. The sample consists
of 35 galaxies, 21 with secure optical counterparts and 12 with teiive optical
counterparts, and its completeness means that unlike previousrgeys it is not
biased towards low-z sources. The median redshift determined tbis sample is

z 2:2. Using this sample, Wall et al. (2008) examined the epoch dependgrof
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the number density of SMGs. They found an apparent redshift catat z > 3 with
further evidence for two separately evolving populations, dividedybluminosity.
However this result was based on calculations using a single model ggal&SED.
Since the predicted relationship between submm ux-density and dehift depends
strongly on the assumed SED, one of the aims of this chapter is toegamine their

conclusion using a range of empirical SEDs.

There have been a number of explanations for the lack of high-réifs SMGs.
Given that dust is thought to form in the atmospheres of highly evokd stars, it is
possible that at high redshifts simply not enough time has passed fdust to form
(Morgan & Edmunds, 2003). Observations of high-redshift quassshave however
detected high levels of dust (e.g., Priddey & McMahon, 2001), suggi@g that this
is not the explanation. Another possible explanation is that there arfewer large

star-forming galaxies at high redshifts.

Eales et al. (2003) presented evidence that SMGs found in 1.1 mm\says have very
low values for the ratio of the 850 m to 1200 m uxes. One possible explanation
is that these sources are at very high redshifts. If this is true, #n observations at
1.1 mm would be better at nding SMGs at the highest redshifts than laservations
at 850 m. A new complete sample of SMGs selected at 1.1 mm located in the
COSMOS eld (Scoville et al., 2007) has been compiled by Younger et a2007).
The sources were selected initially at 1.1 mm with the AzZTEC camera (&t
et al., 2008; Wilson et al., 2008) on the JCMT. The resultant catalogueonsists
of 44 sources with S/ 3:5 , 10 of which are robust with S/IN> 5 . Follow
up observations by Younger et al. (2007) were then made with theuBmillimetre
Array (SMA) at 890 m for the seven AzTEC sources with the highest signal-to-
noise, allowing their positions to be determined with an accuracy of 0:2". The

COSMOS eld o ers a wealth of data over a great number of wavebais including
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the optical and infrared. Thus the high positional accuracy makepossible the
identi cation of optical counterparts and hence the determinatio of photometric
redshifts. Of the seven AzTEC sources imaged with the SMA, six hayRAC
counterparts, and one source is obscured by a nearby bright gafa Using deep
Hubble Space Telescope (HST) imaging acquired with the Advanced i@ara for
Surveys (ACS) (Koekemoer et al., 2007), Younger et al. found apal counterpart

candidates for only three of these sources.

In this chapter | carry out a deeper search for the optical couatparts for the
AzTEC sources. | use deep imaging with Subaru and the Canada-hRe-Hawaii-
Telescope (CFHT) and nd one new possible optical ID. | estimate mitometric
redshifts for the AzTEC sources using thélyperZ photometric redshift package
(Bolzonella et al., 2000). Throughout this work | employ a concordae cosmolog-
ical model with o =1, m = 0:3, = 0:7 andHg = 75 kms Mpc 1. All

magnitudes quoted are AB.

2.2 New Images and Photometry for the AzTEC

Sample

| searched for optical counterparts and measured new photoineusing deep Sub-
aru!, CFHT and IRAC images of the AzZTEC sources. The IRAC and Subaru
images are the publicly available COSMOS images taken by the COSMO e
(Scoville et al., 2007). The CFHT images are taken from the CFHT Dedpegacy

Survey. The images | used were taken using the CFH3y, v, im, zZu, Subaru

LAn additional uncertainty of 0.3 mags in the Subaru B; band magnitudes was taken into
account in this photometry due to the possibility of a red leak or a shit in the blue cuto of this
Iter.
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Bj, V;j, r+, i+, z+ and IRAC channel 1 and 2 lters to average 3 depths of ap-
proximately 28.4, 27.9, 27.6, 26.5, 29.0, 28.2, 28.3, 27.7, 26.4, 24.1 256 mags

respectively.

| searched the i-band images (gure 2.1) at the SMA coordinates.fobund bright i-
band counterparts for AZTEC1, 3 and 7, all of which were previolysknown. | also
found a faint i-band counterpart for AZTEC5 at the SMA coordinages. | found no
objects directly at the SMA coordinates for AzZTEC2, but there is dright object
o set from this position by 3", meaning that the magnitude limits of this SMG are

not useful.

| found no optical counterparts directly at the SMA coordinatesdr AzZTEC4 and 6
in the Subaru and CFHT imaging. For the latter source, however, #re is a bright
i-band counterpart o set from the SMA position by 0.6" ( 3 ) which could be
AzTECG6's counterpart or the true counterpart may be too faint b see. There is
also a faint i-band source, o set from AzTEC4's SMA position by 0.8"( 4 ), in
the Subaru imaging. For these two sources | added the i band CFHAnd Subaru
images, inversely weighting the images by the square of the noise, ey to try
and detect any very faint possible counterparts. The stacked ialnd images for
AzTEC4 and 6 are shown in gure 2.1. | still do not nd counterpartsat the SMA
positions for AZTEC4 and 6 and given the good coincidence betwedretSMA and
optical positions for the other AzZTEC sources | tentatively conclde that the true

counterparts have not yet been detected.

The typical full-width half-maximum (FWHM) of the optical and IRAC c hannel
1 and 2 point spread functions (PSFs) are 0.8", 1.66" and 1.72" respectively.
Magnitudes were determined manually by placing apertures onto thmages, en-

suring that the aperture was large enough to contain as much ofétemission from
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the galaxy as possible without including any emission from neighbourirapjects.
Thus the sizes of the optical apertures vary from source to saa, although are
constant for a given source. | used larger apertures for the IRAsources due to
the images having a larger PSF, but use the procedure outlined beldavcorrect

for this.

Due to the dierence in the PSF between the optical and IRAC imagesas well
as the dierence in the aperture sizes, a small correction needed lbe applied
to the IRAC magnitudes before they could be used in conjunction witoptical
magnitudes to determine a photometric redshift. | corrected IR& magnitudes
by rstly tting a 2D Gaussian to the IRAC source. | then scaled it to have the
FWHM it would have had if observed with CFHT/Subaru. The ux was then
computed using the scaled Gaussian and new aperture size. All tharrections
applied in this work increase the IRAC magnitudes, and the more extded the

source the greater the correction. Corrections range from 0.@10.46 magnitudes.

The new photometry is summarized in table 2.1, and the details of thedividual

objects are discussed below.

2.2.1 Notes on Individual Objects

AzZTEC1 - J095942.86+022938.2AzTECL1 is the brightest submm source in the
sample, with uxes Fggomy =15:6 1.1 mJy andFy.qnm = 10:7  1:3 mJy. There
is a bright i-band object located directly at the SMA position. Optical uxes were
measured using an aperture 1.94" in diameter and the source is dgésl in the
Subaru i+ band at 25.11 0.03 mag which is in agreement with the HST i-band

magnitude given in Younger et al. (2007). There is some disagreermevithin
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Figure 2.1: Subaru i+ band cutouts for AZTEC1 to 7, with the exception of AzZTEC4
and 6, which are the combined CFHT and Subaru i-band images. Bch image has a eld
of view of 15.3"x15.3" and a scale of 0.15"/pixel. The SMA coodinates of each source
are highlighted by cross-hairs and the optical counterpart(including the objects o set
from AzZTEC4' and 6s SMA coordinates by 0.8" and 0.6" respectively, see text) is
circled with an aperture the size of which was used in its phaametry. SMA coordinates
are accurate to 0.2".



CHAPTER 2.

IS THERE A REDSHIFT CUTOFF FOR SUBMILLIMETRE

28 GALAXIES?
AzTECS
4 +2-3045' Ty
+2°32'10"f§ ; F g
&) o i}
o s)
o o |
g % +40
o +32005" 5
o 0
5| e
: £
= 2 435
o 3
o +32'00" A
e - %l I I"‘r;- ) dl 5
10"00™20.25%0.00° 19.75° 1950° 19.25° 10"00™07.0006.75° 06.50° 06.25° 06.00°
Right Ascension (J2000) Right Ascension (J2000)
AzTEC?

Declination (J2000)

17.75°

18.00°
Right Ascension (J2000)

Figure 2.1: cont.



2.2. NEW IMAGES AND PHOTOMETRY FOR THE AZTEC SAMPLE 29

the same wavebands between the CFHT and Subaru photometryafile 2.1), but
the discrepancy is small enough that the photometric redshift is h@igni cantly

a ected. IRAC magnitudes were measured using an aperture of dieeter 4.45".
Only a small correction was applied to the IRAC magnitudes; +0.01 mam both
IRAC channel 1 and 2.

AzTEC2 - J100008.05+022612.2AzTEC2 is detected in the submm with uxes
Fgoom = (12:4 1:.0) mJy and F1.1;nm = (9:0 1:3) mJy. No objects are found
directly at the SMA coordinates, but there is a bright object o setfrom SMA
position by 3". Thus the limit on the magnitude of the optical countepart is not

very useful.

AzTEC3 - J100020.70+023520.5AzTECS is detected in the submm with uxes
Fgoom =8:7 15 mJy and Fy.inm = 7:6  1:2 mJy. There is a bright i-band
object located at the SMA coordinates as well as three companiobjects o set
by between 1" and 2". Since SMGs often seem to consist of multiplenecponents
(lvison et al., 1998) it is possible that these companion objects arésa part of
AzTEC3. However, since six of the seven AzZTEC sources are degecin the
IRAC bands, it seems likely that if the companion objects are part athe same
galaxy then they should also be contributing to the IRAC emission. |teempted
to determine whether this is the case by convolving the Subaru imagéth the
IRAC beam and comparing the FWHM of the IRAC source with that of he con-
volved Subaru image. | nd that the FWHM of the convolved image is 4.4".
The FWHM of the IRAC 3.6 m image is 2.87", suggesting that the 3.6 m
emission is associated only with the central object. Optical uxesave measured
using a aperture of diameter 1.26" and the source is detected in tisbaru i+

band at 26.18 0.08 mag which is in agreement with the HST i-band magnitude.
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The CFHT and Subaru magnitudes within the same bands are consistewith
each other. IRAC magnitudes were measured using an aperturedidmeter 4.80".

A correction of +0.2 mag was applied to the IRAC magnitudes in chantel and 2.

AzZTEC4 - J095931.72+023044.0AzTEC4 is detected in the submm with uxes
Fgoom =14:4 19 mJy andFymm =6:8 1.3 mJdy. | nd a tentative i-band
counterpart, o set from the SMA position by 0.8" ( 4 ), in the Subaru image
with a magnitude of 27.43 0.13. In the combined image (see above), the coun-
terpart can be seen more clearly and has a magnitude of 26.9918 in a 2.57"
diameter aperture. However | found it is too faint to detect in the ther Subaru
and CFHT bands. IRAC magnitudes were measured using an aperéuof diameter
4.80". Corrections of +0.11 and +0.04 mags were applied to the IRAC agnitudes

in channels 1 and 2 respectively. Because of the good agreemenivben the SMA
the optical positions for the other AZTEC sources | tentatively coclude that this

is not the true counterpart.

AzTECS - J100019.75+023204.4AzTECS is detected in the submm with uxes
Fgoom =9:3 1.3 mJy andFi1mm =7:6 1:3 mJy. Younger et al. (2007) found
no optical counterpart in ACS imaging, but I nd a faint Subaru sourcce at the
SMA coordinates with a Subaru i+ band magnitude of 26.740.13, measured in
an aperture of diameter 1.68". The CFHT and Subaru magnitudes witn the same
bands are consistent with each other. IRAC magnitudes were measd using a
aperture of diameter 4.80". Corrections of +0.46 and +0.14 mag werapplied to

the IRAC magnitudes in channels 1 and 2 respectively.

AzTEC6 - J100006.50+023837.7AzTECSG is detected in the submm with uxes
Fgoom =8:6 1.3 mJy andFiinm = 7:9 1.2 mJy. Younger et al. (2007) nd
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no optical counterpart in ACS imaging. In CFHT and Subaru imaging | nd no
source directly at the SMA coordinates, but | do nd a source o sefrom the
SMA position by 0.6" (3 ). This could therefore be the optical counterpart, or
the true counterpart may be too faint to detect. The source o st from the SMA
position has a Subaru i+ magnitude of 25.380.04 magnitudes, measured in an
aperture of diameter 1.59". The CFHT and Subaru magnitudes withirthe same
bands are consistent with each other. IRAC magnitudes were measd using an
aperture of diameter 5.88". A correction of +0.13 mag is applied to &t IRAC
magnitudes in channels 1 and 2. Because of the good agreemenieen the SMA
the optical positions for the other AzZTEC sources | tentatively coclude that this

is not the true counterpart, although | do estimate a photometriaedshift for it.

AzTEC7 - J100018.06+024830.5AzTEC7 is detected in the submm with uxes
Fgoom =12:0 1.5 mJy andFiimm =8:3 1.4 mJy. | nd an optical counterpart
with a disturbed morphology at the SMA coordinates which could be aystem of
merging galaxies. Optical uxes were measured by placing an apertuof diame-
ter 2.87" over the whole of the system. The source is detected inetfSubaru i+
band at 24.20 0.04 mag. IRAC magnitudes were measured using an aperture of
diameter 6.12". Corrections of +0.08 and +0.02 mag were applied to ¢hIRAC

magnitudes in channels 1 and 2 respectively.



AzZTEC1 AzZTEC3 AzZTECA4 AzZTECS AzZTECG6 AzZTEC 7
RA 09:59:42.86 10:00:08.05 10:00:20.70  09:59:31.72  10:00:19.75 10:00:06.50 0:00:18.06
Dec +02:29:38.2 +02:26:12.2 +02:35:20.5 +02:30:44.0 +02:32:04.4 +02:38:37.7 +02:48:30.5
Optical Ap. Size 1.94" 1.26" 2.57" 1.68" ...(1.59") 2.87"
Mg >28.88 >29.14 >28.67 28.800.47 >28.98(25.800.30) 25.67 0.31
my 27.13 0.17 28.77 0.75 >28.21 28.76 0.62 >28.32(25.67 0.04) 25.10 0.06
m;+ 26.21 0.06 27.39 0.22 >28.02 27.070.13 >28.47(25.77 0.03) 24.97 0.05
m;.. 25.11 0.03 26.180.08 (27.43 0.13) 26.74 0.13 >27.97(25.380.04) 24.20 0.04
M+ 25.02 0.02 25.58 0.15 >26.50 26.07 0.22 >26.79(24.80 0.06) 23.65 0.07
Oum >28.12 >28.71 >27.93 >28.41  >28.42(26.16 0.05) N/A
M'm 26.54 0.15 27.130.24 >27.46 27.150.20 >27.96(25.61 0.05) N/A
v 25.25 0.05 26.300.12 >26.19 26.500.13 >27.81(25.42 0.05) N/A
Zy 25.11 0.13 25.69 0.22 >26.27 26.46 0.38 >26.06(24.87 0.08) N/A
IRAC Ap. Size 4.45" 4.80" 4.80" 4.80" 5.88" 6.12"
M3:6m 23.40 0.07 23.720.11 22.110.04 23.240.08 24.13 0.25 20.63 0.01
Ma:5m 23.08 0.08 22.980.12 22.150.04 22.310.06 23.50 0.27 20.15 0.02

Table 2.1: Photometry for the AzTEC sources, given in AB magritudes. The rst two rows give the SMA co-ordinates. Apertur e sizes
are the diameters used for measuring optical and IRAC magniides. The IRAC magnitudes are corrected to take into accountthe

di erence in the seeing and aperture sizes for the IRAC and ogtal imaging (see text). No optical counterparts are found br AZTEC?2.

The only nearby optical counterparts for AZTEC4 and 6 are o set from their SMA positions by 4 and 3 respectively. | give the
photometry for these objects in parentheses.
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2.3 Estimated Redshifts for the AzTEC Sample

Photometric redshifts were determined by applying the photometr redshift pack-
age,HyperZ (Bolzonella et al., 2000), to the 11 band photometry (Subaru:B, V,
r+, i+, z+; CFHT: gu, 'm, im, Zuw; IRAC: 3.6 m, 4.5 m). The spectra used for
tting in this work are taken from the set compiled by Dye et al. (2008, which
is optimized for the determination of photometric redshifts when idading lters
in the near/mid-infrared. Dye et al. (2008) compared the photontec redshifts
determined using these spectral templates with those determineding synthetic
spectra constructed from the best- t star formation history br their sample of 60
SCUBA sources. Since these methods are completely independemtl ghe red-
shifts found using both sets of templates were found to be in goodraement, |

assume that my template set is adequate.

| varied the redshift in the rangez = 0 to 10. | employed the reddening regime of
Calzetti et al. (2000), with Ay allowed to vary in the rangeAy = 0 to 5 in steps
of 0.2. 1 used a minimum photometric error of 0.05 magnitudes for daband. For
wavebands in which | have no detection | took the ux of the sourcéo be zero
with a 1 error equal to the sensitivity of the detector in that waveband. he

photometric redshifts obtained are listed in table 2.2.

The median redshift of the sample is 2.7 which is somewhat higher thametmedian
redshift, 2.2, of the sample presented by Chapman et al. (2005).h& maximum
redshift found is 4.64 and the minimum redshift found is 0.18. Compaugrthe red-
shift distribution of this sample to that of the samples presented in Rapman et al.
(2005), Pope et al. (2006), Dye et al. (2008) and Clements et al.0@8), | note that
only one of the sources in this combined sample o200 850 m selected sources

is at a comparably high redshift as my two highest redshift sourcealthough this



ID z 2 Notes
AzTEC1 464 006  1.537
AzZTEC2 No optical counterpart.
AzTEC3 454 010 2.196 There is a secondary chi-squared minimum at the lower
redshift of z  0:4 with a chi-squared t value of 3.5.
AzTEC4 Nearest counterpart only detected in one optical band
AzTEC5 149 010 1.488 There is a secondary chi-squared minimum at the higher

redshift of z 4 with a chi-squared t value of 4.
AzTEC6 (2:09 0:.01) (6.172) The redshift and chi-squared values are for the optlcgource
o set from AzTEC6's SMA position. The chi-squared t to
this source is much poorer compared to the others in the sample.
This may further imply that the nearby optical counterpart | have
selected is not the true counterpart to AzZTEC6 and that the IRAC
emission is unassociated with the optical emission.
AzTEC7 0:18 001 7.021 CFHT data not available. There are several other possibkedshifts
with chi-squared t values of 10uptoz 2. Even the best
chi-squared t is still relatively poor however, which may be due
to the unusual nature of the source.
Table 2.2: The best photometric redshift ts for the AZTEC so urces with their minimum reduced 2 value, 2, . Notes of interest on
the photometric redshifts, including secondary ts, for each source are also given. | do not give the best t SED type, asypically for
each source there are several SED types which t equally wellNote that reduced chi-squared values given here are not trse directly
output by HyperZ , which takes the number of degrees of freedom as being the (mber of lters 1). This is true if only the redshift is
allowed to vary. However, | am additionally allowing A,, SEDs type and the normalization to vary. Thus the correct number of degrees
of freedom is given by (number of Ilters 4).
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Figure 2.2: The left hand column shows the photometric data wints for the AzTEC

sources with optical counterparts. The best spectral ts far the sources are overlaid.
The right hand column shows the marginalized reduced ? distribution as a function of

redshift. The AzZTECG6 plots correspond to the nearby opticaly bright object.
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di erence is not signi cant when analyzed with a Kolmogorov-Smirnovest. How-
ever, two of the other AZTEC sources are undetected to veryifa limits in the
i-band, and these facts may indicate that 1.1 mm surveys nd morearces at very

high redshifts than 850 m surveys.

2.4 A Banded V¢ V; Analysis

Wall et al. (2008) examined a sample of 38 SMGs in the GOODS-N eld and
found evidence for a diminution in the space density of SMGs at redfk z > 3.
They also found evidence for two separately evolving sub-populat® separated
by luminosity. In this section | present the results of my re-examirteon of this
result using a bandedVe=V, analysis and a range of empirical SEDs rather than

the theoretical SED used by Wall et al.

The most well known method of investigating the evolution of the sg& density of
galaxies with redshift is thehV =\« 1 test (Schmidt, 1968; Rowan-Robinson, 1968).
V is the co-moving volume enclosed by the galaxy (that volume which theld of
view traces out in moving from a redshift oz = 0 out to the galaxy) and Vpax IS
the volume that would be enclosed by the galaxy were it pushed to tmedshift at
which its ux drops to the survey limit. This method encounters prollems when
a survey encloses two galaxy populations, one undergoing positivelation, and
the other negative. If we have a uniform distribution of galaxies in ge, then
we expect the value oflV=V,ai to be 0.5 (12N) %5 whereN is the number of
sources in the sample. A value diV=V,«1 > 0:5 then implies a concentration
of sources toward the more distant regions of their accessible vokel and a value

of lV=V,axi < 0:5 implies a de cit of sources at higher redshifts. Therefore if we
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have in our sample separate populations undergoing high levels of ifies and
negative evolution, thenhvV=V,«xi may still be close to 0.5, incorrectly implying

zero evolution.

This problem can be solved by implementing instead BV.=V,i test (Dunlop &
Peacock, 1990). This is e ectively a banded version of tH&/ =V}« i test. V, the
e ective volume, is the volume enclosed between a minimum redsh#t,, and the
redshift of the galaxy. V,, the accessible volume, is the volume enclosed between
Zow and the redshift at which the galaxy's ux drops below the sensitivity of
the survey. By investigating the variation of Ve=\4i with zg, | can distinguish

between a positively evolving and a negatively evolving population.

| investigated the evolution of the space density of the sample witledshift through
the implementation of ahV,=\V,i test. Wall et al. based the K-correction necessary
to calculate accessible volume on a single theoretical SED, whereaal galaxies
have a range of SEDs. To investigate this, | carried out theV.=\,i analysis using
two di erent assumptions about SEDs. | used the two extreme twgomponent
dust models of Dunne & Eales (2001), who provided ts to the hottst and coldest
local SMGs. The cold SED, based on NGC 958, contains dust at termptires of
20 and 44 K with a cold-to-hot dust mass ratio of 186:1. The hot SEhased on
IR1525+36, contains dust at temperatures of 19 and 45 K with a @bto-hot dust
mass ratio of 15:1. Figure 2.3, which shows the predicted ux versusdshift plot
for the di erent models, shows the e ect of using di erent SED tenplates on the
ux-redshift relation. The two SED types are normalized such thatthey produce

a ux of 1 mJy at a redshift of z = 1.

| took the limiting ux of each source in the GOODS sample to be 5 and

measurediV.=V,i for z,, = 0to 4 in steps of 0.1. | also separated sources into two
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Figure 2.3: Flux versus redshift for both the cold (solid line) and hot (dashed line) SEDs.
Both SEDs are normalized such that they produce a ux of 1 mJy 4 a redshift of z = 1.
samples of equal size according to luminosity. In doing this | am able tetermine

whether there are di erences in the evolution of the two sub-popations.

My results for the 38 SMGs of Wall, Pope & Scott are shown in gure 2.4 nd
good evidence for the existence of a redshift cuto a > 1 for the hot SED, and
slightly weaker evidence for a redshift cuto atz > 2 for the cold SED. Dividing
the sample into separate populations of high and low luminosity souseshows
di erences in the evolution of the two populations. The low luminosity surces
show much sharper redshift cuto s whereas the evidence for madft cuto s in the
high luminosity sources is far more marginal. Thus | nd evidence to gport the
conclusions given in Wall et al. (2008): there is a redshift cuto fortte sample and

that there is evidence for two separately evolving sub-populations
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Figure 2.4: The distribution of the values of hVe=V4i with z,, for the GOODS-N sample.

Figures in the left hand column are for hot SEDs and gures in the right hand column are

for cold SEDs. The sample is also separated into high and lonwuminosity sources. The
dashed line denotes the position ofive=V4i = 0:5 on the graph, values above which imply
a concentration of galaxies at higher redshifts and below wich imply a concentration of

galaxies at lower redshifts. The grey shaded region shows ¢harea enclosed by the 1

error.
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Figure 2.5: The distribution of the values of hVe=V,i with z4,, for the GOODS-N sample,
using only the sources with reliable identi cations. Figures in the left hand column are
for hot SEDs and gures in the right hand column are for cold SEDs. The dashed
line denotes the position ofhVe=V4i = 0:5 on the graph, values above which imply a
concentration of galaxies at higher redshifts and below whih imply a concentration of
galaxies at lower redshifts. The grey shaded region shows ¢harea enclosed by the 1
error.

An additional uncertainty about this results is that Pope et al. (208) claim that
only 60% of their identi cations are reliable. Therefore | also perfoned the hVe=\V,i
analysis only on sources with reliable identi cations, the results of vith are shown
in gure 2.5. Using these sources only, | still nd good evidence forradshift cuto
at z > 1 for the hot SED, and some marginal evidence for a cuto at > 2 for
the cold SED. However, | am unable to nd any clear evidence for tweeparately
evolving galaxy sub-populations, separated in luminosity, as the sahe size is too

small.

However, by only taking into account the reliable identi cations, | amprobably
biased towards optically brighter galaxies and therefore lower redfts. | further
investigated the e ect of the unreliable identi cations by putting four (roughly
half) of the unreliable identi cations at z = 4 and repeating the analysis ( g-
ure 2.6). Doing this, I nd that for hot SEDs my results are largely um ected,

with a relatively clear cuto at redshifts higher than z = 1. However for the cold
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Figure 2.6: The distribution of the values of hVe=V4i with z,, for the GOODS-N sample,
where four (roughly half) of the unreliable identi cations have been pushed to redshifts
of z = 4. Figures in the left hand column are for hot SEDs and guresin the right hand
column are for cold SEDs. The dashed line denotes the positioof hvVe=Vai = 0:5 on
the graph, values above which imply a concentration of galakes at higher redshifts and
below which imply a concentration of galaxies at lower redsltits. The grey shaded region
shows the area enclosed by the lerror.

SEDs | nd that my results are strongly a ected, with no clear redsift cuto up

to a redshift of z 3.

| also performed a bandedV,=V,i analysis on my sample of AZTEC sources (ex-
cluding the AzTECG6 counterpart), the results of which are shown irgure 2.7, but

my sample is too small to nd any clear evidence of a redshift cuto .

2.5 Conclusions

| gave new Subaru, CFHT and IRAC photometry for a number of saues in
the AZTEC / COSMOS survey with accurate coordinates from SMA imging. |
estimated photometric redshifts for four of the seven galaxies imeé sample. |
found a median redshift ofznean  2:57 and a maximum ofz,,x = 4:50. Of the

sources in the combined 850m surveys presented in Chapman et al. (2005), Pope
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Figure 2.7: The distribution of the values of hVe=V,i with z,, for the AZTEC sample.
The panels on the left hand side uses the hot SED and the panet: the right hand side
uses the cold SED. The dashed line denotes the position ¢i/.=V,i = 0:5 on the graph,
values above which imply a concentration of galaxies at higar redshifts and below which
imply a concentration of galaxies at lower redshifts. The gey shaded region shows the
area enclosed by the 1 error.

et al. (2006), Dye et al. (2008) and Clements et al. (2008), consigj of 200
sources, only one is at a redshift greater than my two highest rddft sources.
This in addition to the fact that | am unable to detect two of the souces in the
optical bands down to very faint magnitudes may indicate that 1.1 mnsurveys

are more e cient at detecting very high-redshift sources than 85 m surveys.

It is worth noting that since this work was carried out, Smott et al. (2011) have
measured a redshift (using multiband photometry Keck DEIMOS sméroscopy)

for AZTECL1 of z = 4:6, which is very close to the value estimated here.

Re-investigating the space density evolution of a sample of 38 GOODSsources
(Pope et al., 2006; Wall et al., 2008) with more realistic SEDs | nd a reshift cuto
atz 1 if I assume a 'hot' SED and marginal evidence for a cuto ax 2 if |
assume a 'cold' SED (in reasonable agreement with Wall et al.). Similar Mvall
et al. (2008) | also found evidence for two di erently evolving sub-gpulations

of SMGs, separated in luminosity, with high luminosity sources showing less



CHAPTER 2. IS THERE A REDSHIFT CUTOFF FOR SUBMILLIMETRE
44 GALAXIES?

negative evolution.

| performed a similar test on the AzTEC sources but was unable to aw any
reliable conclusions as the sample is too small. The GOODS-N sample is also
relatively small, and therefore any evidence for redshift cuto s ah di erently
evolving sub-populations must be treated with caution. In order tdharden the
conclusions in general we require larger surveys with accurate shdts. We would
also need surveys taken over larger areas of sky in order to takéimccount the

e ects of cosmic variance. Future, larger surveys (e.g. withlersche] SCUBAZ2)
therefore will enable us to more robustly determine the nature othé number

density evolution of SMGs in the Universe.



Chapter 3

Morphology Versus Redshift of
Herschel Sources in the

GOODS-N Field

The photometric redshifts estimated in this chapter havedmeused by Eales et al.

(2010) in an investigation of the 250 m luminosity function out toz = 2.

3.1 Introduction

There is mounting evidence that the cosmic star-formation ratehe average star-
formation rate (SFR) per unit comoving volume, has declined by roundy an order
of magnitude sincez 1 (e.g., Lilly et al., 1996; Hogg et al., 1998; Madau et al.,
1998; Flores et al., 1999; Haarsma et al., 2000; Hopkins, 2004). Tdesline in star

formation has been linked to to the rapid evolution of LIRGs since thispoch (Le

45
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Floc'h et al., 2005). Locally, LIRGs make a negligible contribution td. o per unit
comoving volume; their contribution is comparable to that of normaktarbursts
at z 07, and they dominate beyond. In fact LIRGs are the galaxies which
exhibit the fastest evolution betweenz = 0 and z = 1, with their luminosity per
unit comoving volume increasing by a factor of 70 over this time (e.g., Chary &

Elbaz, 2001; Le Floc'h et al., 2005).

In the local universe, the majority of LIRGs seem to be powered byajor mergers
of massive spiral galaxies. Many merging systems appear to be ug@éng periods
of intense star formation (Barton et al., 2000). Given the obserdedrop in the
merger rate sincez 1 (e.g., Le Fevre et al., 2000; Patton et al., 2002; Conselice
et al., 2003) it is not unreasonable to postulate that the drop in cosmSFR since

this epoch could be due, at least in part, to this corresponding drap merger rate.

However, mounting evidence shows that major mergers may not tiee main phys-
ical process powering LIRGs at redshiftg 1. Examination of the optical mor-
phology of LIRGs at these redshifts has found that only a small numer, typically

1/3, show evidence that they are undergoing some form of merger.g., Elbaz
et al., 2007; Bell et al., 2005; Zheng et al., 2004; Melbourne et al., 2RD0More-
over, as many as half of the LIRGs at these redshifts show opticalorphological
evidence of being spiral galaxies (e.g., Elbaz et al., 2007; Bell et al., 200This
in turn suggests that the decline in the rate of major mergers singe 1 may not

be the main cause of the rapid drop of the cosmic SFR since this era.

There are a number of other physical processes that could be thause of the
drop in the cosmic SFR. Minor mergers have been shown to enhanée tSFR
of galaxies in the local universe (e.g., Barton et al., 2000). Another &k cause

could be the exhaustion of cold gas in galaxies. For example, many sigs local
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galaxies have low gas fractions<( 10%), (e.g., Kennicutt et al., 1994; Bell & de
Jong, 2000) which, given the galaxies’ SFRs, will be exhausted within 5 Gyr

(e.g., Kennicutt et al., 1994). This implies that higher redshift galaxiesould have
had higher gas masses than locally, which might explain the decreaseha cosmic
SFR. However, this lifetime could be extended with freshly infalling orecycled
gas. Other possible processes that might explain the evolution inclidam pressure
stripping, galaxy harassment during group formation and dynamid¢anstabilities

during tidal interaction (Combes, 2005).

In this chapter | present a set SPIRE galaxies, selected at 250n and located in
the GOODS-N eld, and attempt to identify their optical counterparts. | visually
inspect their optical counterparts - looking for evidence that a mjar merger is
occurring - and attempt to estimate the relative contribution of lore sources and
possible merging systems to the total number of SPIRE sources ihetz < 0:4,
04<z< 08,08<z< 12,12<z< 16, 16<z< 20andz > 20 redshift

bands.

3.2 Data

GOODS is aSpitzer Legacy Program and HST Treasury Program, o ering a wealth
of data over a wide range of wavelengths. It is made up of two eldgoth 10°

16°in size. The GOODS-N eld is centered on the Hubble Deep Field (HDF:
12'36M49.4°%; +62 12580% and GOODS-S is contained within the Chandra Deep
Field South (CDFS: 332"280%; 27 4830:0%.

SPIRE observations have been made over the GOODS-N eld. In thisection |

present SPIRE photometry for 116 250 m selected sources, as well as a set of ancil-
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lary optical and IR photometry collected by Elbaz (In Prep) (hereéer referred to
as EIP). In addition, | take NUV and FUV photometry and spectrogopic redshifts

from Barger et al. (2008) (hereafter referred to as B08).

3.2.1 SPIRE Photometry

SPIRE observations at 250 m, 350 m and 500 m were taken over the GOODS-
N eld downtoa5 limit of 8.9 mJy at 250 m. The dominant source of noise in
this data is confusion noise, estimated to be 5.8 mJy beafmat 250 m (Nguyen
et al., 2010). In order to measure robust uxes for sources netr the confusion

limit, a source-extraction method was developed by Roseboom et é2010).

The source extraction-technique relies on the assumption that wees detected
at 250 m will also be detected at 24 m. This assumption is based on recent
studies that suggest that sources detected with Spitzer at 2 make up the bulk
of the far-infrared background (FIRB) emission at 160 m (Dole et al., 2006), 250,
350 and 500 m (Marsden et al., 2009). The method of Roseboom et al. (2010)
e ectively reduces the confusion noise at 250m by using the better resolution at
24 m. The rst step in the method is to produce a list of all of the 24 m sources
in the eld. A 'matrix inversion' technique is then used to nd the 250 m uxes

at these positions that provide the best t to the 250 m image.

The selection of sources detected at 5 in the 250 m SPIRE band with 250 m
ux > 10 mJy results in a list of 127 SPIRE sources in the GOODS-N region,6L1
of which lie in the region covered by the EIP ancillary photometry. TheSPIRE
and 24 m photometry, as well as the nearest IRAC counterpart coordirtes for

these 116 sources, are shown in table 3.1



‘ Name RA (lRAC) DEC (lRAC) Soum So50m S350m Ss00m ‘
SPIRE1 189.3064185 62.371177 4364%.0 13218 0042 0.021.8
SPIRE2 189.3564612 62.3281726 96997.7 23625 3610 0014
SPIRE3  189.3562196 62.3138949 48448.8 10214 6.714 42 35
SPIRE4  189.2563155 62.3118621 41642.3 15.01.7 0.0 .9 0.0 11
SPIRE5S 189.2200919 62.302129 75274b.6 34035 11817 0011
SPIREG6 189.278618 62.2839119 91391.8 12423 3869 0.0 10
SPIRE7 189.1354399 62.283149 71812.9 30.6 3.2 18.7 2.7 5.8 6.1
SPIRE8 189.0936826 62.2623312 725712.8 15321 0.0 3.0 0.0 158
SPIRE9 189.4205682 62.2547865 23943.5 13.819 7.8 20 0.045
SPIRE10 189.331859 62.2270467 18719.3 11.320 0031 0014
SPIRE11 189.1457143 62.2067186 34535.2 18.021 8035 59 240
SPIRE12 189.1533826 62.2036468 38638.9 10915 115 3.7 0.0 425
SPIRE13 189.1436266 62.2036037 1310131.3 56.25.7 29.4 4.0 10.5 30.5
SPIRE14 189.2745165 62.1982418 665a0.2 18922 69 23 0.0 8.6
SPIRE15 189.153692 62.1930192 7637®.9 12918 6.3 23 3.0 830
SPIRE16 189.0135593 62.1863635 12501@5.4 25.32.8 11.1 2.3 0.0 8.3
SPIRE17 189.2130234 62.1752367 1000100.6 20923 7.0 15 0.0 35
SPIRE18 189.2431388 62.1661521 48440.4 12816 6.6 15 55 26
SPIRE19 189.2086346 62.133747 22624B.7 14320 8930 24111
SPIRE20 189.1082482 62.1153397 22023.0 10413 3317 10159

viva ¢¢€

Table 3.1: The SPIRE 250 m, 350 m and 500 m uxes (Szsom , Sssom and Sspom  respectively) for of each of the 116 SPIRE
sources in the region covered by the EIP ancillary photomety. The 24 m ux and nearest IRAC counterpart coordinates of each
source's 24 m counterpart are also given. All uxes are measured in mJy.
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‘ Name RA (lRAC) DEC (lRAC) Soum So50m S350m Ss500m ‘
SPIRE21 189.2994986 62.3700396 6579 154 2.1 43.7 10.3 11.1 395
SPIRE22 189.317085 62.354114 322325 11.015 8541 4.1 6.2
SPIRE23 189.3438506 62.3106001 24124.7 11415 84 15 2.7 1.4
SPIRE24 189.2708892 62.2907828 65861 10.6 2.0 1.0 2.9 0.0 1.0
SPIRE25 189.3938243 62.2897977 741M@.4 35437 17.03.1 140 115
SPIRE26 189.3798383 62.2722947 62262.6 18421 11.01.7 6.0 14
SPIRE27 189.3689794 62.2396965 23023.3 15.02.2 16.845 158 17.8
SPIRE28 189.1619652 62.2159014 23624.1 15319 93 2.6 8.7 12.4
SPIRE29 189.1663945 62.213871 51151.6 11.11.7 7.7 3.3 0.0 35.7
SPIRE30 189.136518 62.2121934 1211@&.1 12.01.7 3.5 2.7 0.0 11.5
SPIRE31 189.3002105 62.2033231 40008 10415 94 23 7.4 19.2
SPIRE32 189.2458566 62.2024658 27328.1 10914 7.1 13 0.0 34
SPIRE33 189.0242911 62.1966726 17110.8 12616 12625 .9 18.0
SPIRE34 189.1213065 62.1794346 730M@.1 32634 27031 16.88.8
SPIRE35 188.9638432 62.1777637 30547 11118 33 5.1 4 31.2
SPIRE36 189.0479349 62.17602 29329.7 11615 116 2.0 8.8 11.9
SPIRE37 188.9900926 62.1734304 11012.3 11415 13.6 2.3 125154
SPIRE38 189.0797115 62.167884 21943.0 10.01.6 12.7 29 5.9 21.9
SPIRE39 189.1302972 62.1660685 20720.8 28.2 3.0 25428 15.1 8.0
SPIRE40 189.1774028 62.1594473 48148.6 15.02.3 2.5 6.8 0.0 29.5

Table 3.1: cont.
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Name RA (|RAC) DEC (|RAC) Sz4m SZSOm S350m SSOOm
SPIRE41 189.1542805 62.1478793 37130.9 16.019 17425 16.6 7.7
SPIRE42 189.2233698 62.1472838 13314.4 106 1.6 11525 123 11.2
SPIRE43 189.1106261 62.1431663 13916.3 14118 129 3.1 5.2 19.7
SPIRE44 189.2330801 62.1356151 85986.6 33.03.6 221 3.3 185 124
SPIRE45 189.1324759 62.1121078 34736.1 18320 204 24 18.7 4.4
SPIRE46 189.1436872 62.1077989 10813.9 15718 18821 14423
SPIRE47 189.3514397 62.3660174 399%0.6 12215 0.0 .9 0.0 1.6
SPIRE48 189.4387472 62.3469994 36643 13.31.7 14022 11151
SPIRE49 189.3995936 62.3452635 17618.4 15120 136 25 6.0 3.5
SPIRE50 189.5203313 62.3041802 23023.7 11115 7016 0.0 10
SPIRE51 189.0874127 62.2859984 35536.5 28.8 3.1 28232 158 8.0
SPIRES52 189.4282547 62.2659032 31231.8 11.014 166 1.9 93 35
SPIRE53 189.0187141 62.2643943 11212.8 10518 104 3.8 0.0 8.9
SPIRE54 188.9988616 62.2638386 1510161.8 34.73.6 11.719 2.6 5.9
SPIRES5 188.9704727 62.2279918 21723.1 15222 23.044 229 11.8
SPIRE56 189.4043985 62.2013608 7637®.7 23.82.7 13531 3.2 23.1
SPIRE57 189.3806849 62.1979585 33233.9 14316 10915 7.7 44
SPIRE58 189.3674617 62.1901188 851».3 11415 6.2 .9 16 7.1
SPIRES9 189.3405606 62.1789524 23023.8 11924 6487 79555
SPIRE60 189.3653786 62.176653 86988.2 30.7 3.3 134 23 2.7 9.3

Table 3.1: cont.
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‘ Name RA (lRAC) DEC (lRAC) Soum Sos0m S350m Ss00m ‘
SPIRE61 188.974446 62.2270318 5533B.8 23.03.1 9.8 41 0.0 145
SPIRE62 189.0510176 62.1452089 47731 15.01.8 23.6 2.8 14.0 5.7
SPIRE63 189.1451345 62.119483 38039.9 20.7 2.3 20525 6.9 3.7
SPIRE64 189.1452503 62.2745124 510:0.5 11.315 4918 46 2.1
SPIRE65 189.1521215 62.2280044 10110.1 18420 13618 1854
SPIRE66 189.1758564 62.2626177 86680.2 17.019 123 1.7 0.0 1.1
SPIRE67 189.1897385 62.140317 23645.1 12517 43 2.1 0.0 85
SPIRE68 189.2146227 62.1121744 58290.3 20425 11441 0.0 11
SPIRE69 189.2408083 62.2486088 37338.1 14.019 7.6 2.3 16458
SPIRE70 189.2614148 62.2337629 3493B.0 18921 17.121 13.0 2.6
SPIRE71 189.3553978 62.1683453 68368.8 24927 13923 .3 1.2
SPIRE72 189.3824909 62.2176008 25026.6 13.42.0 99 3.4 21.0 26.7
SPIRE73 189.4152532 62.2091394 13616.5 13.6 26 0.0 6.3 18.9 96.7
SPIRE74 189.4224207 62.2142218 38539.2 26.1 2.8 20.6 3.0 12.1 124
SPIRE75 189.2942674 62.3762704 38638.9 23.6 26 12.6 24 0.0 9.9
SPIRE76  189.292339 62.3685205 12513.1 17.02.4 0.0 13.5 55.7 57.7
SPIRE77 189.2865478 62.3671758 20420 11.31.6 20.35.1 0.0 28.0
SPIRE78 189.2552308 62.3516852 27220.8 15618 13924 99 6.5
SPIRE79 189.2717422 62.3307925 48348.8 18.12.0 1.6 .8 0.0 1.0
SPIRE8O 189.1689753 62.3091483 32676 11.715 11015 0.0 1.0

Table 3.1: cont.
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Name RA (|RAC) DEC (|RAC) Sz4m SZ5Om S350m SSOOm
SPIRES81 189.445161 62.2953985 3263 18.6 23 17.7 2.7 2.3 3.7
SPIRE82 189.3191012 62.2787154 5080.2 18621 11.81.8 5.1 25
SPIRE83  189.5308778 62.2726499 1411@.9 10.21.8 6.6 3.5 9.7 8.7
SPIRE84  188.9979521 62.2600304 14116.2 12620 1.6 2.2 0.0 8.8
SPIRE85 189.0722302 62.2582017 50250.8 11.314 4414 9.1 56
SPIRE86  189.0670817 62.2537872 32633.6 27629 264 3.0 9.3 4.6
SPIRE87 189.4821954 62.2518585 683M.2 36.03.7 11.314 0.0 1.1
SPIRE88 189.4131632 62.2485215 373(.5 11214 13318 6.8 2.5
SPIRE89  189.3659297 62.2436217 3383.4 11416 7.7 18 6552
SPIRE9O 189.3709333 62.2416469 9119.5 14523 133 4.1 1.7 14.2
SPIRE91 189.074069 62.2355019 429435 1352.1 16.23.1 0.0 1.0
SPIRE92 189.3781214 62.2162335 1811@.2 48.7 5.1 52.8 5.7 36.1 11.0
SPIRE93 189.0813149 62.2145657 97190.7 30.03.3 17.035 0.0 1.1
SPIRE94 189.18328 62.2138893 4344B.8 11.21.7 3.6 24 42 128
SPIRE95 189.1438075 62.2113877 4444@.7 63.0 6.4 50.3 5.7 23.0 14.6
SPIRE96 189.30956 62.2023589 225215 13420 16.7 3.7 248 41.1
SPIRE97 189.0367125 62.1954558 27328.0 28.53.0 21.7 2.8 23795
SPIRE98 189.222393 62.1943448 336331.4 20923 126 1.8 14 65
SPIRE99  189.1694277 62.1932317 10510.3 11.22.2 5.7 43 9.0 404
SPIRE100 189.1724094 62.1915337 32@1BCG.1 11518 93 26 2.5 18.3

Table 3.1: cont.
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Name RA (|RAC) DEC (|RAC) Soam So50m S350m Ss500m
SPIRE101 189.2217444 62.1879865 36330.0 12.6 1.9 16.0 3.8 9.0 39.6
SPIRE102 189.1310966 62.1871655 4808.4 16.22.0 11.125 22 2.6
SPIRE103 188.9469755 62.1808828 8412.0 10.72.0 9.2 35 5.2 153
SPIRE104 189.1403248 62.1683198 58158.8 20.32.2 14318 6.9 6.5
SPIRE105 188.9712164 62.1651232 2412@.7 11.715 129 24 0.0 13.2
SPIRE106 189.0273787 62.1643276 49%90.6 30.7 3.4 20.3 4.4 5.2 36.5
SPIRE107 189.2092214 62.1457043 5960.3 15719 6.2 16 53 7.1
SPIRE108 189.1384373 62.1429788 77918.3 22425 19.226 6.4 9.7
SPIRE109 189.2278054 62.1344974 2620.5 19.1 2.3 145 2.7 .8 8.8
SPIRE110 189.190949 62.1317286 37438.2 18.02.0 1141.7 4.6 6.1
SPIRE111 189.151538 62.1185885 59460.6 28.2 3.0 20.1 2.5 16.3 4.5
SPIRE112 189.1205614 62.1044603 34236.4 19.221 26.329 258 4.7
SPIRE113 189.2566069 62.1961931 7391@.7 41443 41545 256 8.9
SPIRE114 189.326116 62.1925457 10712.1 18.32.6 123 4.0 7.4 40.9
SPIRE115 189.0308352 62.1480791 6811 14019 18.6 3.2 20.7 134
SPIRE116 189.4226556 62.3177359 29630.6 16.7 2.3 11.6 3.3 0.0 1.0

Table 3.1: cont.
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3.2.2 Identifying Optical Counterparts

The identi cation of optical counterparts is complicated by the low esolution of
IR observations compared to that of optical observations. Hower, the positional
accuracy of the SPIRE sources is greatly increased by having asated 24 m
counterparts. This accuracy is then high enough that it is possibletmake XIDs
with IRAC counterparts, endowing yet higher positional accuracyFrom this, the
coordinates of the SPIRE sources are known to high enough resaln that optical

counterparts can be identi ed. IRAC observations, however, 8kt have much lower
resolution than optical observations, which means that in many cas there may

be more than one optical source contributing to the IRAC ux.

In cases where there are multiple optical counterparts, there etwo possible ex-

planations :

1 - The sources are simply coincident on the sky by chance. The patility of

this occurring can be calculated from number counts of the opticaburces in the
region. If there is a high probability of this, then | cannot determinewhich is the
true optical counterpart. This makes it impossible to be sure which igroducing
the SPIRE emission, although one could use the properties of thedvgalaxies

(optical mag and colour etc.) to infer which is the true counterpart

2 - The optical counterpart is a merging system. Evidence for a n@j merger
can been seen through direct visual examination of the optical imiag - looking
for tidal interactions or a disturbed morphology. If the optical canterpart of the
SPIRE source is a merging system, then if a spectroscopic redskifists for one of
the component optical galaxies, then this is also the redshift of tH8PIRE source.

However, if no spectroscopic redshift exists, it is hard to estimat photometric
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redshift, as the system contains multiple components which might tia di erent

spectral energy distributions.

In order to identify the optical counterparts for our SPIRE souces | overlaid the
3.5 m ux contours over HST/ACS F850LP images to attempt to deternine
whether there may be more than one optical source contributing tthe IRAC ux.

The ACS F850LP band was chosen as this corresponds roughly teetrest frame

B-band for galaxies atz 1. This method is illustrated in gure 3.1.

__ o,

N

Figure 3.1: HST/ACS F850LP band photometry overlain with IR AC 3.5 m ux con-
tours. The left panel shows an example of an IRAC source wherthere may be multiple
optical counterparts contributing to the ux. The right pan el shows an example where
we can only see one optical source coincident with the IRAC .

Of the 116 SPIRE sources | nd 78 where there appears to be a dmgontributing
optical galaxy, and 38 where more than one optical galaxy is coincidewith the
IRAC emission. The possibility of these being genuine mergers will be dissed
in section 5.4. Of the 78 single optical counterparts, there is one ade IRAC ux
is heavily confused with that of a nearby bright object. No furtheiconclusions can
be drawn about the photometry of this source, as its IR ux cannbbe reliably

measured. Therefore the sample of SPIRE sources with single ogticounterparts
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drops to 77.

3.2.3 Ancillary Data

Ancillary data for this region has been compiled by EIP: KPNO/MOSAICU band;
HST/ACS F435W, F606W, F775W and F850LP; SUBARU/MOIRCS JK bands;
Spitzer IRAC 3.5 m, 45 m, 58 m and 8.0 m; Spitzer MIPS 24 m. Fluxes
were measured by EIP for the \full" galaxies, hence no aperture wection was

applied. The nal catalogue consists of 2792 sources, detectedd?d m at > 3 .

B08 compiled the most spectroscopically complete redshift catalagto date for
the GOODS-N eld, comprising of 2097 galaxies wittK < 24.5 andF850LP <

26. In addition to their spectroscopic catalog, BO8 also measuredJN and FUV
photometry from a deep 150 ks GALEX mission exposure of the ACSO®DS-N
region. However, given the large PSF of GALEX, any source within &f any other
bright GALEX source at the same wavelength was eliminated. The rasample

contains 1016 sources with NU\k 25 and 478 sources with FU\k 25.5.

| searched for optical counterparts using the Elbaz catalogue ACcoordinates,
within 1" of the IRAC positions. Doing this, | found an optical countapart in

the Elbaz catalog for 74 of the 77 single optical SPIRE counterpatt Of these
74 sources 46 have counterparts in the BO8 spectroscopic refistatalogue. In

addition 20 sources have a counterpart in the BO8 GALEX photomst catalog.

Of the 38 SPIRE sources where the counterpart may be a mergingstem, 28 have

an associated spectroscopic redshift from the B0O8 catalogue.

The collected photometry from EIP for the SPIRE sources with a sgie optical
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counterpart is shown in table 3.2.

3.3 Estimating Photometric Redshifts

| rst estimated photometric redshifts for all of the 1057 sourcgin the Elbaz cata-
logue which have a counterparts in the BO8 spectroscopic cataleyuBy comparing
the spectroscopic and photometric redshifts it is possible to deteme the relia-
bility of the photometric redshift estimates. There still remains thessue for each
of these sources that they have not been Itered to determine wther there may
be more than one optical source contributing to the IRAC ux. However, as |
am only using these sources to gain a very rough estimate of the rblldy of the

photometric redshift estimates, | do not take this into account.  addition, the

majority of these galaxies are not SPIRE galaxies - therefore wepexct far fewer
mergers and therefore fewer cases of multiple optical galaxies lgetwincident with

an IRAC source.

Photometric redshifts were estimated using theHyperZ photometric redshift
package (Bolzonella et al., 2000), using the NUV, FUV, U, F435W, F6BV, F775W,
F850LP, J, K, 3.5 mand 4.5 m to magnitude limits of 28.0, 25.0, 28.7, 33.2, 29.3,
27.4, 27.0, 27.3, 22.8, 22.0 and 21.9 respectively. | allowed the redgbifvary in
the range O - 6 in steps of 0.05. Employing the reddening regime of Gatzet al.
(2000), I also allowedAy to vary in the range O - 5 in steps of 0.1. For wavebands
in which there is no detection | took the ux of the source to be zeraith a 1

error equal to the limiting ux of the observations in that waveband

The results of this are shown in gure 3.2, which plots the estimatedhmtometric

redshifts against the spectroscopic redshifts from B08. Thereeaa number of



Name FUV  NUuV U F435W F606W F775W F850LP J K 36 m 45m 58m 8m 24 m
SPIRE1  26.75 24.15 23.77 23.99 23.15 22.16 21.62 20.68 19.81 19.65 19.99.082 20.13 17.32
SPIRE2 2125 20.49 20.04 19.67 18.73 18.33 18.14 17.69 17.28 1850 185B.891 17.36 16.36
SPIRE3  -28.19 23.98 23.27 23.02 22.11 20.99 20.59 19.81 19.13 19.14 1989%55 19.85 17.19
SPIRE4 2190 21.24 20.26 20.14 18.94 18.41 18.15 17.42 17.02 1852 18.79.141 17.97 17.37
SPIRE5 24.63 23.68 22.06 21.58 20.08 19.36 19.04 18.24 1752 1847 1848.731 16.91 16.71
SPIRE6  20.65 19.89 20.03 20.09 19.84 19.88 19.86 19.30 18.98 18.39 18.19.901 17.61 16.50
SPIRE7 23.32 21.80 21.13 20.64 19.54 18.90 18.61 18.06 17.50 1851 18.68B.901 18.12 16.65
SPIRE8 25,52 23.05 22.49 22.07 21.19 20.41 20.18 19.53 19.03 19.30 19.68.471 19.25 16.76
SPIRE9 22.89 2206 21.32 21.08 19.69 18.95 18.62 17.80 17.21 1851 18.72.101 18.89 17.95
SPIRE10 26.96 24.66 23.87 23.09 21.57 20.61 20.19 19.47 18.56 19.14 19.3859 19.28 18.23
SPIRE11 2542 23.61 2285 2222 20.75 19.71 19.29 18.67 17.83 18.28 18.48.69 19.03 17.54
SPIRE12 -27.42 23.85 2294 2258 21.77 20.60 20.14 19.49 18.69 18.78 819.19.31 19.70 17.45
SPIRE13 24.62 2298 22.02 21.45 19.96 19.15 18.80 18.13 1731 17.86 18.08.19 17.56 16.12
SPIRE14 27.93 2455 2329 22.90 22.07 21.03 20.61 19.84 19.19 19.08 19.4®.51 19.72 16.87
SPIRE15 20.37 20.06 19.57 18.87 18.37 18.07 17.99 17.66 17.58 18.83 19.2B.08 17.32 16.70
SPIRE16 25.39 23.49 2287 22.38 21.22 20.30 20.00 19.33 18.51 1858 18.9B.76 18.80 16.18
SPIRE17 25.60 24.92 2356 22.71 21.17 20.36 19.94 19.28 18.47 1896 18.9P.10 17.74 16.44
SPIRE18 21.23 20.82 19.96 19.21 18.23 17.74 17.54 17.00 16.77 18.00 18.3®.62 17.12 17.05
SPIRE19 26.17 2448 24.09 2351 22.40 21.65 21.41 20.75 19.97 20.08 20.29.11 19.79 18.04
SPIRE20 25.68 23.42 23.00 22.45 21.41 20.48 20.16 19.42 18.82 19.17 19.4B.60 19.94 18.02

Table 3.2: The collected EIP ancillary photometry for the 74 SPIRE sources with a single optical counterpart.
GALEX NUV and FUV magnitudes from B08. Coordinates given are ACS coordinates. All magnitudes are AB.

Also inclued are the
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Name FUV  NUV U F435W F606W F775W F850LP J K 36 m 45m 58m 8m 24 m
SPIRE21 28.64 27.18 25.22 24.42 24.16 2471 2265 21.79 21.48 20.88.372019.31
SPIRE22 24.19 23.96 23.13 22.22 21.38 20.30 1948 19.22 19.39 19.76.751917.62
SPIRE23 2448 2411 24.03 23.39 22.61 21.32 20.20 1955 1941 19.65.781917.92
SPIRE24 28.27 26.28 25.42 25.15 24.65 98.85 2229 2199 2186 21.67.862119.30
SPIRE25 2457 23.87 22.15 20.92 20.42 19.44 18.25 18.31 18.70 18.60.781816.72
SPIRE26 24.18 23.89 22.90 21.76 21.18 20.35 1940 19.12 1942 19.60.621916.92
SPIRE27 99.00 26.40 25.98 25.46 24.95 99.00 99.00 2156 21.29 21.05.172117.99
SPIRE28 23.82 23.49 22.88 22.13 21.41 20.68 19.95 1948 19.63 20.00.022018.11
SPIRE29 23.98 2351 22.51 21.37 21.00 20.21 19.62 1950 19.88 19.78.052017.21
SPIRE30 2494 23.90 22.45 21.44 21.02 20.37 19.37 19.70 20.03 20.07.232018.70
SPIRE31 99.00 27.45 26.73 25.94 25.69 99.00 99.00 21.34 20.99 20.61.442019.71
SPIRE32 24.67 24.45 23.26 21.95 21.38 20.50 19.53 19.37 19.77 19.88.182017.82
SPIRE33 99.00 24.89 24.09 23.45 22.96 99.00 99.00 19.80 19.71 19.89.072018.28
SPIRE34 2596 2541 24.14 22.77 21.95 20.58 19.54 1898 19.07 19.21.241916.75
SPIRE35 25.03 24.62 24.18 23.31 22.95 2220 2201 2142 2180 22.08.252219.89
SPIRE36 27.11 29.36 27.91 27.18 26.89 23.38 2156 20.80 20.54 20.24 .542017.72
SPIRE37 24.34 2381 22.71 22.57 22.62 2193 2180 21.30 20.93 20.53.911918.99
SPIRE38 25.46 25.53 25.03 24.38 24.79 22.71 2140 21.14 20.84 20.54.732018.07
SPIRE39 99.00 27.83 26.78 26.06 25.98 99.00 99.00 2150 21.31 20.97.962018.08
SPIRE40 23.83 22.96 21.65 20.82 20.43 19.78 19.02 19.35 19.54 19.60.031917.21

Table 3.2: cont.
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Name FUV  NUV ) F435W F606W F775W F850LP J K 36 m 45m 58m 8m 24 m
SPIRE41 25.83 99.00 99.00 99.00 99.00 21.86 2274 2131 21.04 20.65.942017.49
SPIRE42 25.21 25.77 25.10 25.01 24.64 2727 2177 21.63 21.38 21.08.192118.62
SPIRE43 26.30 25.78 25.12 24.39 23.49 23.43 2161 20.46 20.27 20.46 .452018.53
SPIRE44 25.72 25.20 23.12 21.57 21.05 20.26 19.05 18.74 19.08 19.12.021916.59
SPIRE45 99.00 29.10 29.27 26.73 25.83 99.00 99.00 20.15 19.83 19.81.022017.60
SPIRE46 2592 25.73 24.86 23.47 22.28 2090 19.87 19.28 19.34 19.68.831918.81
SPIRE47 21.32 20.72 19.17 18.41 18.08 17.28 16.73 18.02 18.20 18.63.121817.40
SPIRE48 26.84 33.20 25.51 24.55 23.61 2399 2177 21.09 21.15 21.61.412119.97
SPIRE49 99.00 99.00 99.00 99.00 99.00 99.00 99.00 20.23 19.96 20.10.272018.27
SPIRE50 26.21 29.57 24.40 23.11 22.55 21.60 20.46 20.04 20.31 20.40.652017.97
SPIRES51 24.88 24.68 24.35 23.92 23.57 2291 2213 2096 20.71 20.40.712017.51
SPIRES52 99.00 28.99 28.38 27.38 26.97 99.00 99.00 2357 23.69 22.90.172217.66
SPIRES3 99.00 31.60 26.53 25.26 23.95 99.00 99.00 20.56 20.43 20.77.592018.72
SPIRE54 20.94 2331 19.46 18.94 18.63 18.09 17.55 1840 18.27 18.59.151715.96
SPIRE55 24.44 2432 23.42 22.30 21.78 20.93 20.15 20.01 20.36 20.51.692018.10
SPIRE56 21.48 99.00 99.00 99.00 99.00 18.25 17.67 1853 18.63 18.88.091816.71
SPIRES7 28.13 26.13 23.85 22.53 22.11 21.42 2050 20.63 21.05 21.15.812017.60
SPIRES8 25,52 25.08 24.47 24.21 24.07 2278 2198 2123 21.00 21.17.362118.98
SPIRES59 2457 24.39 23.58 22.53 22.07 21.26 20.58 20.23 20.57 20.68.752017.98
SPIREGO 20.30 21.44 18.48 17.93 17.70 17.09 16.66 17.96 18.16 18.52.981616.58

Table 3.2: cont.
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Name FUV  NUV ) F435W F606W F775W F850LP J K 36 m 45m 58m 8m 24 m
SPIREG1 25.21 24.69 23.64 22.44 21.91 20.80 19.76 19.36 19.66 19.70.891917.07
SPIREG2 2571 25.03 24.54 24.42 24.09 2231 2135 2172 2161 21.49.732119.61
SPIREG3 23.49 22.79 21.74 20.86 20.53 19.88 19.12 19.30 19.71  19.57.721917.52
SPIRE6G4 25.40 24.72 23.69 22.42 21.94 20.87 19.85 1954 19.92 19.85.921917.19
SPIRE6G5 25.27 24.87 22.92 21.75 21.29 20.11 19.38 19.62 19.97 19.99.112018.84
SPIREG6 2431 23.78 22.62 21.38 20.90 20.04 19.05 18.76 18.94 18.78.571816.58
SPIREG7 2441 23.54 21.96 21.10 20.69 20.02 19.15 1955 19.66 19.83.101917.96
SPIRE6G8 25.17 27.54 23.75 22.19 21.65 20.56 19.29 19.14 1951 19.48.681917.00
SPIREG9 25.34 24.67 23.45 22.12 21.64 20.69 1990 19.70 20.06 19.99.152017.48
SPIRE70 2450 24.09 23.38 22.59 21.86 21.14 20.04 1956 19.60 19.96.751917.56
SPIRE71 21.61 99.0 20.13 19.56 19.26 18.73 18.16 1890 18.92 19.19 21816.81
SPIRE72 25.50 24.99 24.13 22.93 22.35 21.29 20.18 19.95 20.26 20.37.572017.88
SPIRE73 2430 23.40 23.43 22.96 22.65 21.70 20.97 20.95 20.95 20.97.872018.56
SPIRE74 25.09 24.36 23.91 23.09 22.45 20.83 1991 19.29 19.11 19.28 .551917.46

Table 3.2: cont.
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Figure 3.2: A plot of the estimated photometric redshift (zpnoto) Versus the BO8 spec-
troscopic redshift (zspec) for each EIP source where a spectroscopic redshift is avaible.
The dashed line shows wher@pnoto = Zspec.

photometric redshift estimates at the upper limit, 6, meaning that he program
has been unable to nd any good ts to the data. Therefore all ofese results
should be discarded. There appears to be a relatively tight correiah between
photometric and spectroscopic redshift up to values of 1 - 1.5. Beyond this

redshift the correlation appears to become much looser. Thus gbmetric redshifts

higher than this should not be considered to be reliable.

Table 3.3 lists the photometric redshifts (using the same photométrbands, mag-
nitude limits and settings as described previously) for all 74 of the $RE sources
with single optical counterparts. Also listed are the BO8 spectrogpic redshifts
where available. Figure 3.3 shows a plot of the photometric redshiftgrsus their

B08 spectroscopic redshifts (where available). This plot is similar tdhé one for
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the entire EIP catalogue, with the photometric redshifts appearig to become less
reliable beyond redshifts of 1 - 1.5 (there are very few sources with spectroscopic
redshifts beyond this - so it's impossible to tell exactly where photoetric redshift

estimates begin to fail from this plot alone).
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Figure 3.3: A plot of the estimated photometric redshifts (zpnoto) Versus the BO8 spectro-
scopic redshifts gspec) for each of the SPIRE sources with a single optical counterart,
where a spectroscopic redshift is available. The dashed knshows wherezpnow = Zspec.

3.4 Morphology as a Function of Redshift

In the previous section | focused on non-merging, isolated sowsceHowever for
the rest of this chapter | include in my results any source which hasme form of
redshift estimate. This includes non-merging, isolated sources wighspectroscopic

redshift if available, or with a photometric redshift estimate if not, & well as pos-
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‘ Name Zspec Zphoto § ‘
SPIRE1 0.98 094737 30.02
SPIRE2 0.28 22" 29.64
SPIRE3 0.84 069" 16.83
SPIRE4 0.23 006" 34.07
SPIRE5 0.25 (30" 29.32
SPIRE6 1.02 110"9% 31.13
SPIRE7 0.44 019"}, 28.82
SPIRES 0.64 0485 28.26
SPIRE9 0.38 0143 32.75
SPIRE10 0.48 @53 28.17
SPIRE11 0.56 @53 28.43
SPIRE12 0.85 @93 16.99
SPIRE13 0.46 (B0 %% 28.25
SPIRE14 0.90 O71":3% 28.24
SPIRE15 0.08 @6 % 31.24
SPIRE16 0.64 @40, 28.25
SPIRE17 0.41 @133 28.49
SPIRE18 0.14 @5 5% 31.76
SPIRE19 0.56 @23 28.42
SPIRE20 0.64 ™69 28.65
SPIRE21 -9.00 5 2.57
SPIRE22 1.14 102" 2.09
SPIRE23 -9.00 16639 2.88
SPIRE24 -9.00 04" 36.53
SPIRE25 0.64 0" .76

SPIRE26 0.98 @863 .37

SPIRE27 -9.00 36" 19.74
SPIRE28 1.14 110°%; .45

SPIRE29 0.85 @25 .73

SPIRE30 0.56 ™69 .88

Table 3.3: The photometric redshift estimates @pnoto), 1  errors and reduced 2 tvalues
for each of the 74 SPIRE sources with a single optical count@art. The spectroscopic
redshifts from BO8 are also included where available Zpec). A value of -9.00 denotes
where no spectroscopic redshift is available.



CHAPTER 3. MORPHOLOGY VERSUS REDSHIFT OF HERSCHEL
SOURCES IN THE GOODS-N FIELD

‘ Name Zspec thoto 2 ‘
SPIRE31 291 343 10.45
SPIRE32 0.85 0713 .67

SPIRE33 1.48 399 67.87
SPIRE34 1.01 1163 1.34
SPIRE35 1.01 @43, 1.42
SPIRE36 -9.00 188", 2.90
SPIRE37 3.08 2714"5; 4.36
SPIRE38 2.21 163" 3.89
SPIRE39 -9.00 371":% 8.27
SPIRE40 0.53 @163 .63

SPIRE41 -9.00 14033 .43

SPIRE42 -9.00 38} 62.64
SPIRE43 1.47 @B13 1.22
SPIRE44 0.79 71" .96

SPIRE45 -9.00 %7'9) 1.75
SPIRE46 1.22 1353 1.05
SPIRE47 -9.00 @9"5: 4.57
SPIRE48 -9.00 24" 4.78
SPIRE49 -9.00 447> 1.56
SPIRE50 -9.00 416" 9.34
SPIRE51 -9.00 @4"3 .36

SPIRE52 -9.00 @219 1.80
SPIRE53 -9.00 4183 12.39
SPIRE54 -9.00 ®6"9) 15.21
SPIRE55 -9.00 @1":3 .81

SPIRE56 -9.00 104" 37.14
SPIRE57 -9.00 ®0':%% 2.09
SPIRE58 -9.00 195"'% .56

SPIRE59 -9.00 @855 .49

SPIRE6O -9.00 @43} 10.85

Table 3.3: cont.
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‘ Name Zspec Zphoto § ‘
SPIRE61 0.88 @83 % .829
SPIRE62 -9.00 133"} 8.02
SPIRE63 0.63 ™89 1.15
SPIRE64 0.85 0763 .99

SPIRE65 0.56 1'% 2.55
SPIRE6G6 0.86 7433 .29

SPIRE67 0.48 @05 .73

SPIRE68 -9.00 @B0" 97 3.08
SPIRE69 0.85 @95, 1.12
SPIRE70 1.248 2272 .23

SPIRE71 -9.00 439" 25.14
SPIRE72 0.94 @®0"9% 1.14
SPIRE73 -9.00 124" 3.38
SPIRE74 -9.00 169" 2.37

Table 3.3: cont.

sibly merging systems with an associated spectroscopic redshifbsBible merging
systems with no associated spectroscopic redshift cannot be irgd as | cannot

reliably estimate a photometric redshift for them.

Figures 3.4, 3.5, 3.6, 3.7, 3.8 and 3.9 collect thumbnails of the ACS F8B0imaging
for each of the SPIRE optical XIDs with some form of redshift estiate (be it
spectroscopic or photometric), that lie in the redshift rangez < 0:4, @4<z < 0:8,

0:8<z< 1:2,12<z< 16,16<z< 20andz > 2.0 respectively.

Table 3.4 divides up the total number of sources that lie in each red#hband.
These are then further sub-divided into the number of SPIRE sooes with a single
optical counterpart, and those with a possible merger system aaerpart. Also

given are the number of isolated sources which appear to be spiralaxies.

At redshifts z < 0:8, visual examination of the F850LP images shows direct ev-
idence of interaction between possibly merging systems for a numbd SPIRE

counterparts - suggesting that these are in fact genuinely intesing merging sys-
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Figure 3.4: The ACS F850LP band cutouts for SPIRE sources atedshiftsz < 0:4. The
images are all 10" across. Top to bottom, left to right: SPIRE2, 60, 4, 5, 9, 15, 18, 47,
51.
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Figure 3.4: cont. Top to bottom, left to right: SPIRE52, 57, 87, 111.

| Redshift Band Total Single Counterpart Possible Merger Spirdl

z2< 04 13 11 2 7
04<z< 08 23 18 5 7
08<z< 1.2 33 20 13 8
12<z< 16 14 7 7 1
16<z< 20 4 4 0 0

z> 20 15 14 1 1

Table 3.4: The total number of sources that lie in the redshif bands z < 0:4, 04 <z <
08,08<z< 12, 12<z< 16,16<z< 20andz > 2:0. The number of sources
in each redshift band is further subdivided into nhumber of shgle source counterparts,
possible merger system counterparts, and isolated spiralozinterparts according to their
visual classi cation based on ACS F850LP imaging.
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Figure 3.5: The ACS F850LP band cutouts for SPIRE sources atedshifts 04 <z < 0:8.
The images are all 10" across. Top to bottom, left to right: SARE7, 8, 10, 11, 13, 16,
17, 19, 20.
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Figure 3.5: cont. Top to bottom, left to right: SPIRE25, 30, 40, 44, 54, 107, 93,94, 82.
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Figure 3.5: cont. Top to bottom, left to right: SPIRE106, 67, 68, 65, 63.

tems. At higher redshifts than this the ACS imaging is not sensitive eugh to show

any observable evidence of physical processes such as tidal atgon occurring.

Similarly, spiral galaxies are easier to identify at redshiftz < 0:8 than in the
higher redshift bands. This is again due to the ACS imaging at redshsfthigher

than this not being sensitive enough to be able to visually identify thepgral arms.

3.5 Discussion

Visually classifying the optical morphology of galaxies is highly subjeee. The
(1 + 2)* surface brightness dimming of galaxies makes it very di cult to see tial
tails and morphology at high redshifts. Apparent major mergers arsubject to

contamination from irregular galaxies, and at redshiftz > 0:8 the ACS imaging is
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Figure 3.6: The ACS F850LP band cutouts for SPIRE sources atedshifts 08 <z < 1:2.
The images are all 10" across. Top to bottom, left to right: SARE1, 3, 6, 12, 14, 22, 16,
28, 29.
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Figure 3.6: cont. Top to bottom, left to right: SPIRE32, 34, 35, 55, 56, 59, 88, B, 109.
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Figure 3.6: cont. Top to bottom, left to right: SPIRE91, 85, 108, 101, 89, 102, D4, 80,
81.
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Figure 3.6: cont. Top to bottom, left to right: SPIRE83, 64, 69, 66, 61, 72.

not sensitive enough to be able to see direct evidence of interactiorherefore the
best estimate of the number of merging systems has to take intocacint how many
of my identi ed possible merging system counterparts could simply b&incident

with the IRAC emission by chance.

To determine how many of the possible mergers in table 3.4 could be ©ba co-
incidences of optical counterparts with the IRAC emission, | takeumber counts
for the HDF eld from Williams et al. (1996). | take the number countsfor the
F814W band as this is the closest available band to the F850LP bandeasin this
work. The mean F850LP band magnitude of sources in the EIP catgloe is 23,
and in the examples where there is a possible merger occurring, tfnponent

sources are typically separated by between 1 an&3

Using the number counts from gure 30 of Williams et al. (1996), my ésnates
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Figure 3.7: The ACS F850LP band cutouts for SPIRE sources atedshifts 12 <z < 1.6.
The images are all 10" across. Top to bottom, left to right: SARE33, 41, 43, 46, 95,
112, 98, 97, 76.
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Figure 3.7: cont. Top to bottom, left to right: SPIRE110, 75, 73, 70, 62.

Figure 3.8: The ACS F850LP band cutouts for SPIRE sources atedshifts 16 <z < 2:0.
The images are all 10" across. Top to bottom, left to right: SARE23, 36, 58, 74.
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Figure 3.9: The ACS F850LP band cutouts for SPIRE sources at edshiftsz > 2:0. The
images are all 10" across. Top to bottom, left to right: SPIRE21, 24, 27, 31, 37, 39, 42,
45, 48.
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Figure 3.9: cont. Top to bottom, left to right: SPIRE49, 50, 53, 38, 96, 71.

of the number of contaminants in the possible merger set in each skdft band is

given in table 3.5.

Also shown in table 3.5 are the percentages of mergers (correcfed contamina-
tion) and isolated spirals that lie in each of the redshift bands. The peentage of

mergers in each band appears to increase with redshift up to thebk z < 2.0

\ Redshift Band Contaminants % Mergers (Corrected) % Spiraﬁl

z< 04 1-2 4 54
04<z< 08 2-3 11 30
08<z< 1.2 4-5 26 24
1l2<z< 16 1-2 40 7
l6<z< 20 0-1 0 0

z> 20 1-2 0 7

Table 3.5: My estimated number of contaminants, the percenage of mergers (corrected
for contamination) and the percentage of isolated spirals lhat lie in the redshift bands
z<04,04<z< 08,08<z< 1:2,112<z< 16,16<z< 20andz > 20.
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band. The drop beyond this redshift may not be a real e ect as theources at
these redshifts are very faint and thus in a merger system the cpanion galaxy

may be too faint to detect.

The percentage of isolated spirals drops with redshift up unti = 1:6 and stays
approximately constant beyond (ignoring the results for the :6 < z < 2:0 band
as the sample size is too small to draw any reliable conclusions from)mfarly
to mergers, the morphological classi cation of spirals becomes raadi cult with
increasing redshift, thus the total number of isolated spiral galaas is very possibly
underestimated, particularly in the higher redshift bands. Additiomlly, a large
number of the optical counterparts appear as though they mayebedge on, and
this may result in an underestimation of the number of spiral galaxieacross all

the redshift bands.

| do not nd direct evidence for as many spiral galaxies at 1 as has been found
in previous work (e.g., Bell et al., 2005; Elbaz et al., 2007), which estiteathat as
many as half of all LIRGs at these redshifts show the optical morpltogy of spirals.
However, my total number of spirals is highly likely to have been undestimated
due to lack of sensitive optical imaging and the large number of posigledge-on
galaxies. Thus, it appears as though more of the SPIRE galaxieszat 1 may be

being powered by spiral galaxies than by major mergers.

In the 0:8 < z < 1:2 band, which is centered orz = 1, the epoch since which the
cosmic SFR has apparently dramatically declined, only 1/4 of the SPIRE sources
present evidence of being powered by a major merger. Even at hreghredshifts
than this, at most only  2/5 of SPIRE sources appear as they they could be being
powered by a major merger. This result is in agreement with mountingvidence

(e.g., Bell et al., 2005; Zheng et al., 2004; Melbourne et al., 2005; Elbetzal.,



CHAPTER 3. MORPHOLOGY VERSUS REDSHIFT OF HERSCHEL
82 SOURCES IN THE GOODS-N FIELD

2007) that the drop in the rate of major mergers since this era is nthe primary

cause of the sharp decline of the cosmic SFR.

There are 10 possible mergers which could not be included in the redishanding
sample, as they don't have a spectroscopic redshift and | cannatienate a photo-
metric redshift for them. Given that the majority of sources with o spectroscopic
redshift are more likely to lie in the more distant redshift bands, thesadditional
sources probably wouldn't have a strong e ect on the results frothe 0:8 <z < 1.2
band if they could be included. However, they may have a strongereet on the
results for the higher redshift bands if included. In addition the 3 soces that
appear to be missing in the EIP catalogue are optically very faint, antherefore
probably also lie in the higher redshift bands. The SPIRE single souréD whose
IRAC emission is heavily confused may lie in this redshift band, but thedalition

of one extra source to the sample shouldn't e ect the results toadsersely.

More important, however, is that my sample only accounts for 15% of the CIB
(Oliver et al., 2010; Eales et al., 2010). If the majority of sources rkiag up the
CIB lie at moderate redshifts similar to those investigated in this workas implied
by the stacking analysis of BLAST data by Pascale et al. (2009), themy sample
should be representative of the CIB as a whole. However, if a largadtion of
sources comprising the unresolved part of the CIB lie at redshiftsaater than
this, then the SPIRE observations may not be sensitive enough tatper a sample

which is truly representative of the total population of galaxies makg up the CIB.



3.6. CONCLUSIONS 83

3.6 Conclusions

I nd in this chapter that only 1=4 of SPIRE sources az 1 are showing
evidence of undergoing major mergers. This may actually be an updanit be-
cause even though some of the apparently merging systems maygbavitationally
bound, they are not necessarily physically interacting. The ACS imayg in this
redshift range is not sensitive enough to look directly for visible phigal interac-
tion between the component galaxies. Therefore further work winl bene t from

deeper optical imaging of this region.

This work suggests that the drop in major mergers since z 1 is not the primary
cause of the sharp decline in the cosmic SFR since this epoch. Othesgible
explanations for the decline in cosmic SFR include physical procestiest do not
strongly e ect the galaxy's optical morphology, eg. minor mergersweak tidal
interactions with small satellite galaxies and cold gas exhaustion. Hewer, the
true physical cause of the decline in the cosmic SFR since z1 has yet to be

identi ed.

CANDELS (Cosmic Assembly Near infrared Deep Extragalactic LegaSurvey -
candels.ucolick.org), a new deep NIR imaging survey of galactic evatut between
z=1:5 8is being carried out using WFC3/IR and ACS onboard the HST . This
may provide imaging sensitive enough to reliably classify the morpholpgf higher
redshift sources, which could help further constrain the total naber of SPIRE

sources being powered by major mergers and spiral galaxies atstaeedshifts.
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Chapter 4

Star Formation Rates of Herschel

Galaxies in the GOODS-N Field

4.1 Introduction

The link between galaxy mass and star formation rate (SFR) is of fulamental
importance in understanding the process of galaxy formation. Hgrhierarchical
galaxy formation models predicted that star formation started in lv-mass galaxies,
which then built up through sequential mergers to form high-massatpxies (Baugh
et al., 1996; Cole et al., 2000). However, studies have found a larggplation of
massive galaxiesNl > 10''*M ) at redshifts z > 1 (Elston et al., 1988; Hughes
et al., 1998b; Franx et al., 2003; Glazebrook et al., 2004), with passiy evolving
stellar populations (Daddi et al., 2004; Reddy et al., 2005; Kriek et al2006,
2008; Cimatti et al., 2008). These results seem to support a \dowizing" scenario
(Cowie et al., 1996; Heavens et al., 2004; Juneau et al., 2005; Ret@analez et al.,

2005; Bundy et al., 2006) where the most massive galaxies form rst

85
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The specic SFR (sSFR = SFR/mass) of a a galaxy is of particular integst as it
measures how important the galaxy's current star formation is copared with the
overall star formation history of the galaxy (e.g., da Cunha et al., Z®). Similar
results regarding the redshift evolution of SSFR as a function ofedtar mass have
been found in a number of studies over a wide range of redshifts (0z 3)
(e.g., Feulner et al., 2005; Erb et al., 2006; Damen et al., 2009; Dadtia¢, 2007;
Elbaz et al., 2007; Noeske et al., 2007; Rerez-Gonalez et al., 20@8inne et al.,
2009; Pannella et al., 2009). The most signi cant results appear toelthat sSSFR
increases with redshift for all masses and that the sSSFR of massgedaxies is lower

at all redshifts.

However, there still remains a great amount of uncertainty regding the exact
shape and slope of these relations. Work based on radio stackingalgees of
K-band selected galaxies in the redshift range:3 < z < 2 found little or no
correlation between sSFR and mass, with some evidence at highedstafts for
SSFR decreasing with increasing mass, and this relationship steejpgnat higher
redshifts still (Pannella et al., 2009; Dunne et al., 2009). In contraction to this,
work using SFR tracers across UV to MIR wavelengths had clear tdts showing
SSFR decreasing with increasing mass (Feulner et al., 2005; Erb et 2006; Noeske
et al.,, 2007; Cowie & Barger, 2008). These discrepancies betweba estimates
using radio data and those using UV to MIR data could, in part, be expined by
some of the assumptions and corrections that have to be made inimsting star
formation rates from data in the di erent bands. UV/optical data requires dust
extinction corrections, and in using the MIR data to calculate IR lumiosity and

SED shape, large extrapolations from the 24m ux have to be made.

New data from the Herschel Space Observatory allows for more robust derivation

of the IR luminosity of galaxies, as it directly samples the peak of IR assion of
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galaxies up to redshiftsz 3. Recent work by Rodighiero et al. (2010) (hereafter
referred to as R10) investigates the relationship between SFR,FS and stellar
mass, based on PACS observations and ancillary data ranging frohetUV to the

MIR.

They found that the sSFR-mass relationship was almost at at redsfts z < 1,
and that at redshifts beyond this sSSFR tended to decrease with ireasing mass,
with the relation steepening at higher redshifts still. They also foundhat the
mean sSFR of massive galaxie$/(> 10''M ) increases as a function of redshift,
out from z = 0 to z = 2, and that this relationship attened out beyond z >
1:5. Additionally, the most massive galaxies had the lowest SSFR at angdshift,
implying that they formed their stars earlier and more rapidly than lover mass

galaxies.

In this work | use the model of da Cunha et al. (2008) to obtain medmlikelihood
estimates of SFR, sSFR, stellar and dust mass for my sample of SEIR50 m
selected galaxies in the GOODS-N eld, the full details of which are dasbed in
chapter 3. Using these estimates | investigate how SFR and sSFRryas both
a function of redshift and stellar mass. Additionally, my galaxy sampleontains
only isolated galaxies, which allows me to separate out the e ects ofengers on
these observed correlations. Given the mounting evidence (as leen previously
described) that the drop in the rate of major mergers is likely not tde the main
cause of the decline in SFR for galaxies singe 1, | also investigate how SFR
and sSFR vary as a function of dust mass - assuming dust mass togbeeasonable
proxy for the gas mass of the ISM - in order to determine whethethis could

explain, at least in part, the cause of this decline.
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4.2 The da Cunha et al. (2008) Model

da Cunha et al. (2008) (hereafter referred to as D08) presentaodel to interpret
the MIR/FIR SEDs of galaxies in a manner consistent with their emissioat UV,
optical and NIR wavelengths. This simple model uses combined UV, taal and
IR photometry to compute statistical estimates of the physical grameters of the

galaxy, such as star formation rate, stellar mass, dust contenhd dust properties.

They use the stellar synthesis code of Bruzual & Charlot (2003) tcompute the
light output by stars in galaxies. The code predicts the spectral elution of the
stellar populations of galaxies from UV to IR wavelengths at ages lvegen 1 10°
and 2 10 yrs. Calculations are made for a number of dierent initial mass

functions (IMFs) and star formation histories (SFHS).

The attenuation of the starlight is estimated using the two compomg model of
Charlot & Fall (2000), which computes the luminosity absorbed by dt in stellar
birth clouds (SBCs) and in the ambient interstellar medium (ISM). Thismodel
accounts for the fact that stars are born in dense stellar birth clals (SBCs) which
typically dissipate on timescales of the order of 10/rs. Therefore the light from

stars younger than this is more attenuated than that from oldertars.

The nal part of computing the SED is to determine the distribution d the IR
emission from starlight being absorbed and re-emitted by dust in SBCand the
ambient ISM. The IR emission from SBCs is split into three componentshe emis-
sion from PAHSs; the MIR continuum emission from hot dust with tempeatures in
the range 130 - 25K ; the emission from warm dust in thermal equilibrium with
adjustable temperature in the range 30 - 6& . The IR emission of the ambient

ISM is reproduced through xing the relative proportion of these omponents and
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adding a component of cold dust in thermal equilibrium with adjustabléempera-

ture in the range 15 - 25K

The model contains a minimum number of adjustable parameters neiged to ac-
count for the observed relations between the observed spetfpeoperties of galax-
ies: age, star formation history, stellar metallicity, attenuation otlust due to SBCs
and the ambient ISM and the four contributors to the total IR emision. A library
of model SEDs is built through varying each of these physical paraters and
computing the resulting SED from each possible combination. Given abserved
galaxy, a likelihood distribution is built for each adjustable physical pameter,
based on the how well each model in the library can t the observedED. It is in

this way the physical parameters are estimated for each obsedvgalaxy.

4.3 Data

For this work - using the D08 model to interpret the observed SEDsf a set of
galaxies in terms of statistical constraints on their physical paraeters - | used
the same sample of of SPIRE 250m selected galaxies as was described in the
previous chapter. This is a clean sample of 74 isolated galaxies with 250 ux >

10 mJy, where the optical counterpart of the SPIRE source is clédgaand uniquely

identi able and shows no evidence of undergoing a merger.

The D08 modelling is extremely sensitive to having accurate redshifstenates for
the galaxy sample. Therefore, I only include sources which have @tha spectro-
scopic redshift, or a photometric redshift estimate less than= 2, as photometric
estimates beyond this appear to be less reliable (see gure 3.2 of ptea 3). In-

cluding these requirements leaves a sample of 59 galaxies.
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The D08 modelling code was run on the complete set of photometry foy galaxy
catalogue: GALEX NUV and FUV; KPNO/MOSAIC U band; HST/ACS F43 5W,
F606W, F775W and F850LP; SUBARU/MOIRCS JK bands; Spitzer IRA 3.5

m, 45 m, 5.8 m and 8.0 m; Spitzer MIPS 24 m; SPIRE 250 m, 350 m
and 500 m.

4.4 Results & Discussion

| ran the DO8 modelling code over the complete set photometry fomeh of the
59 sources in my sample with either a spectroscopic redshift or a phvoetric
redshift estimate z,n: < 2. Visual examination shows that for chi-squared ts
2 > 150 there are extreme outliers in the observed photometry fronhe best t
SED. Physical parameter estimates from ts worse than this areherefore probably
unreliable, so | only include estimates from model SED ts better thathis, which

results in a set of estimates for 57 galaxies.

Some examples of the best t model SEDs to the observed photamyeof my

galaxy set are shown in gure 4.1.

A peculiarity of my results is that a number of galaxies show evidencd being
extreme outliers, either with very low star formation rates, or withvery low stellar
mass. On rst inspection it may appear as those these are erronsoresults. A
likely cause of this could be the method nding multiple solutions with simila
probability ts. However, inspection of the probability distributions across the
parameter spaces for the outlying results nds that the majorityof the results are
fairly well constrained, as can be seen in gure 4.2. Therefore it $ae that these

results may in-fact be reliable.
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Figure 4.1: Some example best t model SEDs for my data set. Th names of the
galaxies, their redshifts @) and the ts' 2 values are given above each plot. The black
bars show the observed uxes and the red boxes show the preded uxes from the best

t model SED. The blue line is the unattenuated stellar spectrum, the red line is the
emission from dust and the green line shows the total emissiofrom the galaxy (i.e. the
sum of the stellar and dust emission).
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Figure 4.2: Probability distributions for two of the outlyi ng galaxies. Examples are
shown for extreme outliers inMgr and in SFR.
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4.4.1 Star Formation Rate as a Function of Redshift

Figure 4.3 shows how the median likelihood estimates of the SFRs of nmglaxy
sample vary with redshift. This plot shows a reasonably tight correteon, with
SFR increasing with redshift. This is to be expected as, typically, merhighly star
forming galaxies should be more luminous. As redshift increases tieluminosity

of the galaxies we can detect must increase, therefore their SFRosld increase

also.
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Figure 4.3: Median likelihood estimations of star formation rate (SFR) as a function of
redshift (z). Results shown are for the 57 SPIRE galaxies where the bestt SEDs from
the D08 modelling t to the observed photometry with 2 < 150.

My SFRs appear to be relatively modest, comparable locally to LIRGsather
than ULIRGs. Comparing these values to those determined for BL3T galaxies

(Moncelsi et al., 2011), the SPIRE galaxy SFRs appear to be appimately an
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order of magnitude weaker. However, both these sets of dataosha rather large
amount of scatter, therefore it is di cult to determine whether or not there is any

fundamental di erence between the results sets.

Figure 4.4 shows how the median likelihood estimates of the sSFRs of galaxy
sample vary with redshift. The plot shows a weak correlation, with soe evidence
of sSFR increasing with redshift. Only approximately half of the galaxsample lie
above the E line (where is the age of the universe at that redshift). This implies
that only about a half of the galaxies in my sample are undergoing sigeant bouts
of star formation. This is in contrast to the sample presented in R10vhich has the
mayjority of their sample lying above this line, implying that the majority of those
galaxies are undergoing an era of intense star formation, and thétey have built
up the bulk of their stellar mass in their more recent past. The relate fraction of
galaxies that lie above this line does seem to go up with redshift, butetsample size
also drops with this increasing redshift. Therefore | lack a statistadly signi cant

enough sample to draw any robust conclusions about the higher stift galaxies.

4.4.2 Star Formation Rate as a Function of Stellar Mass

Figure 4.5 shows the median likelihood estimates of SFR versus stellaagsa for my
galaxy sample. The plot doesn't appear to show any clear correlatioithis may be
explained, at least in part, by the range in stellar mass of my result§:or example,
the results in R10 o er a range in stellar mass of 10° 10'%°M , whereas my
own results have a range of 10° 10'%°M , with the majority of sources lying
in the range 10" 10"'™M . Constricting the data in R10 to my own stellar
mass range would greatly weaken their evidence for a correlationhérefore it is

not unexpected that my data should not show any clear correlatiorAdditionally,
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Figure 4.4: Median likelihood estimations of specic star brmation rate (SSFR =
SFR=M ) as a function of redshift (z). Results shown are for the 57 SPIRE galax-
ies where the best t SEDs from the D08 modelling t to the observed photometry with

2 < 150. The solid and dashed lines show= and 10= as a function of redshift,
respectively, where is the age of the universe at that redshift.
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the sample of galaxies in this work (57) is considerably smaller than tlsample in
R10 (4500). Therefore the lack of a clear result may also just be @lto the lack

of a statistically signi cant sample.

100.000 E P 7 E
i . R 1
i * ., . ,: P ¢ ]
10.000 F & eyt 0 .
C LR 2 0’ L 2 =
Py o PO 2R R g i
S 1.000k .
o : ¢ ;
= I i
o 0.100F * . -
% . ]
0.010F .
- . ]
0001 o

10° 10'° 70" 10'2

M, (Mg)

Figure 4.5: Median likelihood estimates of star formation ate (SF R) versus stellar mass
(M ). Results shown are for the 57 SPIRE galaxies where the bestt SEDs from the
D08 modelling t to the observed photometry with 2 < 150. Redshift bandsz < 0:4,
04<z< 08,08<z< 12, 12<z< 16,16<z< 20andz > 2.0 are shown in
black, red, blue, green, cyan and yellow respectively.

Figure 4.6 shows the median likelihood estimates of SSFR versus steftzass for
my galaxy sample. This plot shows some evidence for a loose correfati@tween
SSFR and stellar mass, with sSSFR decreasing with increasing stellar saaalbeit

with a large scatter. This is consistent with the results found in R10.

The distribution of sources does not appear to vary with redshiftThis implies that
across all redshifts, galaxies with larger stellar masses have alrgahdergone the

a greater amount of their star formation, which is in agreement wittmuch of the
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Figure 4.6: Median likelihood estimates of speci c star fomation rate (SSFR) versus
stellar mass M ). Results shown are for the 57 SPIRE galaxies where the bestt SEDs
from the DO8 modelling t to the observed photometry with 2 < 150. The horizontal
lines show E for the centre of each redshift band, where is the age of the universe
at that redshift. Redshift bands z < 04, 04<z< 08, 08<z< 12,12<z< 16,
16 <z < 20 and z > 20 are shown in black, red, blue, green, cyan and yellow
respectively.
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existing literature.

4.4.3 Star Formation Rate as a Function of Dust Mass

As the galaxy sample for this work is a clean set of isolated, non mergisources,
it is possible to uniquely test what the origin of the drop in SFR since 1 is,
whilst separating out the e ect of mergers. This is interesting dueatthe mounting
evidence that the drop in SFR is not primarily due to the correspondm drop in

the rate of major mergers (as discussed in chapter 3).

Broadly speaking, the dust content of a galaxy should be roughly goortional
to both the column density of gas (e.g., Chini et al., 1986) as well aselmetal
abundance of the galaxy (e.g., Zaritsky et al., 1994). However, fitris work | shall
expect the metallicity of the galaxies to only increase the scatter tife distribution.
| therefore assume that the dust content of the galaxies shouldave a reasonable

correlation with the gas content of the galaxies.

Figure 4.7 shows the median likelihood estimates of SFR versus dustsndor my
galaxy sample. The plot shows some evidence for a scattered daitien, with

SFR increasing with increasing dust mass. Thus the decrease in SHRcez 1
could be due in part to a decrease in the dust, and therefore gas ssasince that

era.

Figure 4.8 shows the median likelihood estimates of sSSFR versus dusiss for
my galaxy sample. The plot shows a very scattered correlation. Theould imply
that the dust and therefore gas mass of a galaxy does not tell usyséhing about
when the bulk of the galaxy's stellar population was formed. Howevethe lack

of a statistically signi cant data set does not allow us to draw any rdaconclusion



4.4. RESULTS & DISCUSSION 99

100.000

g CR ¢ g
L L 03 * ]
. *% o

10.000 & o DN et T g
- * A :
— r o MR A 1
S 1.000k 4
o g ¢ ;
= i )
r 0.100¢ ‘e -
[ C 1
v r ]
0.010F -
- . ]
0.0017 L o o e

10° 107 108 10° 10'°

Mdust <M®>
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regarding the relationship.
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Figure 4.8: Median likelihood estimates of speci ¢ star fomation rate (SSFR) versus
dust mass Mqust). Results shown are for the 57 SPIRE galaxies where the bestt
SEDs from the D08 modelling t to the observed photometry with 2 < 150. The
horizontal lines show & for the centre of each redshift band, where is the age of
the universe at that redshift. Redshift bandsz < 04, 04<z < 08, 08< 2z < 1.2,
1.2<z< 16, 16<z< 20andz > 2.0 are shown in black, red, blue, green, cyan and
yellow respectively.

4.5 Conclusions

Where any correlation is found, my results agree with the existing litature. 1 nd
a weak correlation with sSSFR increasing as a function of redshift. &results show
some evidence to suggest that the relative fraction of sourceshviSFR > 1=, i.e.
undergoing a more recent burst of star formation, goes up with ireasing redshift.

This implies that at higher redshifts galaxies were undergoing morecent bursts of
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star formation, whereas local galaxies have already formed thelbwf their stellar
populations. | also found a loose correlation between sSFR and stellaass, with
sSFR decreasing with increasing mass. This makes sense as it implies ¢falaxies
with more massive stellar populations have already formed the bulk dfeir star
formation, whereas galaxies with less massive stellar populations at#l forming

stars.

This evidence is agreement with a \downsizing" scenario of of galaxyatution
(Cowie et al., 1996). The most massive galaxies in my sample have alneauh-
dergone the majority of their star formation - implying that they famed at higher
redshifts. This is in agreement with my result that the galaxies at higér redshifts
are undergoing bursts of more recent star formation, compardd low redshift

galaxies which appear to have already formed the bulk of their stell@opulation.

| do not nd any evidence for a correlation between SFR and stellar ass as has
been seen in previous work. However, | nd no evidence to disputbe existence
of a relationship either. This is likely due, in part, both to my results haing a

small range of stellar masses, as well as the small size of my galaxysa.

It is possible that some of these SPIRE sources are lensed objeetsd that the
optical counterparts are therefore miss-identi ed. A redshift gtimate can be de-
termined from the SPIRE uxes alone, as shown in Amblard et al. (2@). Using
the S500=Ss50 and S,50=S350 UX ratios to estimate redshift, | nd that some of the
SPIRE sources may be at higher redshifts than given by the opticapectroscopic
measurements. Discrepancies in these redshift values could implatithese are
lensed objects. Typically, lenses are elliptical galaxies (e.g. Faure at, 2008),

which could explain some of the low SFR estimates.
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As my galaxy sample presents a set of isolated, non-merging galaxieam also
able to investigate the possible causes of the steep decline in SFResinc 1
free from the physical e ects of merging systems. Assuming th#te gas mass of
a galaxy correlates reasonably well with its dust mass, | nd that SR appears
to increase with gas mass, albeit with a large amount of scatter. Tiedore it is
possible that the drop in SFR since 1 could be due to a coincident drop in the

average gas mass of galaxies since that era.

The Herschel Space Observatory allows for a much more robust estimation of the
IR luminosity of galaxies than has previously been possible. This in turallows
for more stringent constraints on the SFRs and dust masses of@des. Therefore,
future Herschelsurveys, implementing robust methods of determining the physical
parameters of the galaxies, should shed much more light on the tronature of the

physical processes controlling galaxy formation.



Chapter 5

The E ectiveness of MIR/FIR
Blind, Wide Area, Spectral
Surveys in Breaking the

Confusion Limit

The work presented in this chapter has been previously pshéd as Raymond et al.

(2010).

5.1 Introduction

Source confusion may be de ned as the degradation of the quality photometry
of sources clustered on a scale to the order of the telescope baa@ma (e.g. Scheuer

(1957)). The confusion limit sets the useful depth to which largerea extra-galactic

103
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surveys should be taken. For example, thélerschel mission (Pilbratt, 2004),
successfully launched in May 2009, has a 3.5 m diameter mirror whiclalizes an
angular resolution of 8" at 120 m. At these wavelengths, the confusion limit for
such a mirror is estimated to be around 5 mJy! (e.g. Dole et al., 2004; Jeong
et al., 2006)). Surveys at 24 m suggest that at these ux levels one will only
be able to resolve at most 50% of the CIB (Dole et al., 2004). It is possible
to reduce the confusion limit through making observations with a lagy diameter
mirror. However, due to the practical limitations of high angular reslution FIR

imaging there is a limit on how much one can reduce confusion noise.

One way to break through the confusion limit makes use of the extdimension of
wavelength, to which one has access in spectroscopic surveyscieige sources can
be identi ed by relatively bright, narrow-band emission lines; thereyp allowing red-
shifts to be determined. A preliminary study to explore the e cacy d blind, wide
area spectroscopic surveys in resolving FIR sources is describe€liements et al.
(2007) (hereafter referred to as CO7). In their work an arti cid "sky' was popu-
lated using template FIR SEDs of a selection of di erent types of gakg, to which
were added FIR emission lines of strengths derived from ISO-LWS s&vations
(e.g. Negishi et al., 2001). The sources were redshifted and ass@jtuminosities
according to the evolutionary models of Pearson (2005), Pearsenal. (2007) and
Pearson & Khan (2009). Observations of the "sky' were made usiting instrumen-
tal parameters (e.g. sensitivity/noise levels, spectral resolutioriFoV, beam size)
of SAFARI (SpicA FAR-infrared Instrument), a FIR imaging Fourier Transform
spectrometer concept for the proposed JAXA-led SPICA (Spadefrared Tele-
scope for Astronomy and Astrophysics) (Nakagawa, 2010) missidt will o er the

large FoV and high spectral resolution required to break the corgion limit using

1The confusion noise for Hershels SPIRE instrument has now been measured to be
5.8 mJy/beam at 250 m (Nguyen et al., 2010).
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spectroscopy. According to its current speci cations (see appéix A) SPICA will
have a 3.2 m diameter mirror, and therefore will be subject to appxonately the
same confusion noise aderschel The primary mirror will, however, be cooled to
<6 K and so will o er a great leap in sensitivity overHerschel SAFARI will cover
the waveband 35 to 210 m with varying resolving power, including R 1000 - (at
120 m, = 0:176 m) - which matches the typical width of an extragalactic
MIR/FIR emission line. However, the work presented in CO7 assumele original
speci cations of SPICA/SAFARI which has a dish size of 3.5 m and a waband
of 30 to 210 m, with a5 10 hour sensitivity of 1.7 mJy.

C07 made estimates of source redshift by eye, by locating the pasit of the
strongest emission line in each spectrum. The strongest lines tydlgaobserved in
the FIR are the [Ol] and [CII] lines at 63.18 and 157.74m respectively. If one
assumes a typical dust temperature of 35 K, then the strongd#tes shortward and
longward of the peak of the SED will be [Ol] and [CII] respectively (tb limiting
temperatures where this is no longer true being 18 and 46 K), as is ilitaged in the
example spectrum shown in gure 5.1. Beyond = 2:5 these lines are shifted out
of SAFARI's waveband, therefore the redshifts of more distantosirces than this
cannot be retrieved using these lines alone. If the only emission lingegent were
the ones in the FIR, then by comparing the evaluated source redfth with the
model input redshifts one can assess the e ciency of this blind-line ethod. C0O7
found that when looking at a patch of simulated “sky' equal to one SARI FoV,
it was possible to retrieve accurate redshifts for sources with 120 continuum
uxes as much as a factor of 10 below the traditional continuum confusion limit.
Sources with 120 m ux S;om > 1 mJy and at redshiftsz < 2:5 were retrieved

with 100% accuracy.

The use of blind spectral line surveys to resolve FIR sources is noithout its
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Figure 5.1: An example spectrum with an approximate dust tenperature of 35K, with
the strong [Ol] and [CII] lines shortward and longward of the SED peak, respectively.
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own limitations and type of confusion. Line, or spectral confusioncaurs when
multiple sources are observed in a single telescope beam: the s@efrtom two or
more objects are e ectively scrambled, and it can become di cult todetermine
which lines are emitted by which objects. As a result, source redghifstimations
can become inaccurate. The work described in CO7 made use of niegectra with
FIR emission lines only. To assess the true viability of using spectral érsurveys
to break through the confusion limit requires the inclusion of MIR emson lines in
the “sky' model, as sources will, in general, have both FIR and MIR emisn lines.
Inclusion of these shorter wavelength lines will enable the recovesf/sources with
redshifts ofz > 2.5, beyond which the [Ol] and [CII] emission lines at 63.18 and
157.74 m, respectively, are shifted out of the SAFARI waveband. By includg
MIR lines, however, one increases the problem of line confusion, aswassigning

lines to individual, but spatially unresolved, sources becomes moreoptematic.

In this chapter | examine a much larger model "sky' populated with nre realistic
template spectra with both FIR and MIR emission lines and employ a neau-
tomated method of evaluating source redshifts in a time e cient maner. | also
implement a method to extract the redshifts of multiple sources cltexed in a
single spatial bin. Through the implementation of this method | investate how

e ectively | can break through the traditional photometric confusion limit.

5.2 Extracting Redshifts From an Arti cial Sky

Deep, blind- eld imaging spectroscopy could potentially enable disdee sources,
at uxes below the traditional continuum confusion limit, to be extrected. Us-

ing imaging spectroscopy, it is theoretically possible to extract relsts for all
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sources (with emission lines) present in the instrument's FoV, allowingll sources
to be discretely resolved, as long as the instrument is su ciently saitive. In

this work this is done using an automated redshift-determination atgithm. In

order to best test the e ciency (number of sources for which | dermine redshifts,
inversely weighted by how many sources | inaccurately determinedshifts for)

of this method | generate an arti cial sky in the form of a datacubge populated
with realistic spectra taken from nearby galaxies, and redshiftedceording to the
bright-end and burst mode galaxy evolution models of Pearson (Z)0Q Pearson
et al. (2007) and Pearson & Khan (2009). Running the program tbugh the dat-
acube | compare the tted redshifts with their input values in orderto determine

the method's precision, accuracy and e ciency.

5.2.1 Generating an Arti cial Sky

| create an initial set of two 1 square degree arti cial skies with 1"atial resolution,
populated by galaxies with redshifts, spectral types and 40m continuum uxes
based on the bright-end and burst mode evolutionary models of Rean (2005),
Pearson et al. (2007) and Pearson & Khan (2009). | do not includeyaphysically
based spatial distribution modelling (e.g. clustering, etc.) and in this@rk the skies
are populated with sources uniformly distributed in random positionsit should
also be noted that | do not include any cirrus contribution. These daes act as my

master “skies' which | later crop and re-bin to create the SAFARI fatprints.

The bright-end and burst mode evolutionary models are backwards@ution for-
mulations where observed galaxy source counts are used to coamist the model
parameters. The model components consist of a luminosity funatido represent

the number density of sources as a function of luminosity, a libraryf GEDs to
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model the extragalactic source population emission as a function whvelength
and an assumption on the type-dependent evolution of the extratactic popula-
tion (in luminosity and number density). Both evolutionary models utiliz the
IRAS infrared local luminosity function de ned at 60 m (Saunders et al., 2000)
or 12 m (Rush et al., 1993) for the galaxy and AGN (Seyfert) populationser
spectively. Although various other, more recent luminosity functios are available,
the IRAS functions have the advantage of being de ned at or arou the peak of
the population emission spectrum and are free of contamination byidrinfrared
features. The 60m galaxy luminosity function is segregated into cool (normal
galaxy) and warm (star-forming) components, de ned byRAS colours where cool
100 m/60 m cirrus-like colours (Efstathiou & Rowan-Robinson, 2003) represt
the normal quiescent galaxy population and the warmer 100m/60 m colour
component is representative of star-forming galaxies with activityncreasing as
a function of luminosity for M82-like StarburstL;g < 10''L , luminous (LIRG)
Lig > 10''L and ultraluminous (ULIRG) L;g > 10"L infrared galaxies. Thus
the model framework includes ve general evolutionary populatiolasses (Nor-
mal, Starburst, LIRG, ULIRG, AGN) of extragalactic object de ned by luminosity,

colour and subsequent evolution.

The bright-end model assumes evolution in the galaxy population in bodensity
and luminosity, modeled by simple power laws of the forin(z) = (1+ z)X, wherek
is the type dependent evolutionary strength parameter. The elutionary model is
an updated framework of that rst presented in Pearson & RowatiRobinson (1996),
with modest starburst galaxies rather than ULIRGs dominating in 15 m selected
source counts. The burst mode evolutionary model predicts thahe upturn of
emission at 15 m (Elbaz et al., 1999) and peak at 24 m (Papovich et al., 2004)

is to due the emergence of a new population of U/LIRGs. The originaurst mode
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evolutionary model presented by Pearson (2001) has power lawokrion similar
to the bright-end model for the starburst and AGN sources andrainitial violent
exponential evolutionary phase of the fornt, (z) = 1+ f:exp[ (22—25)2] ,fromz=0
to z, = 1, wherek and are the type dependent evolutionary strength parameters,
followed by a power law evolutionary phase for the U/LIRGs. Both tk bright-end
and burst mode evolutionary models have non-evolving normal gajagopulations.

Throughout this work, values regarding the di erent evolution moels are written

in the form bright-end(burst mode).

Each of the ve general evolutionary population components (Namal, Starburst,
LIRG, ULIRG, AGN) are represented by a small set of galaxy spel energy
distributions from the libraries of Efstathiou & Rowan-Robinson (203), Efstathiou
et al. (2000) and Efstathiou & Rowan-Robinson (1995) for the naral, starburst,
U/LIRG and AGN types respectively. The selected SEDs are represtative of
the SED libraries from which they have been drawn and have been sho to
be consistent with the colours of sources detected in the Europeéarge Area
ISO Survey (Oliver et al., 2000). Rowan-Robinson et al. (2004) shed that the
ISO infrared galaxy population could indeed be divided into four genalrspectral
classes: normal quiescent galaxies; starburst (M82-like) galaxidgminous and
ultraluminous infrared galaxies (which in this work have been taken tde two
separate spectral classes) and AGN. Rowan-Robinson et al. (2pGound that
the normal, quiescent population of ISO galaxies were well modelled ithe
templates of Efstathiou & Rowan-Robinson (2003), with far/mid-ifirared ratios
of S (100 m)/ S (12 m) 6 - 7 whilst in contrast, IRAS galaxies were often
modelled with templates with ratios of 5 (Rowan-Robinson & Crawford, 1989).
Therefore, the normal galaxy component of the population consisf 2 SEDs each

of S (100 m)/ S (12 m) 5.8 and 6 referred to as a normal and cold normal
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type respectively. For the star forming population (e.g. starbuts U/LIRG) 7
SEDs were selected from the template libraries to ensure a variatiam the the
mid-infrared features in an attempt to avoid artefacts caused by particular choice
of SED for all sources. The SEDs in the template libraries have a bibaorrelation
between model optical depth and galaxy luminosity. 2/7 of these $Is are selected
for the starburst component (v 50 of which one is a model for the archetypal
star-forming galaxy M82). 3/7 of these SEDs are selected with ireaising optical
depths (v 50 100) for the LIRG component (assuming a corresponding increase
in luminosity for each SED of 1&'L , 10**°L and a colder SED of. > 10'°L
referred to as a cold-LIRG) and the remaining 2/7 SEDs selectedrfthe ULIRG
component correspond to the best template model ts for the ahetypal ULIRGs
Arp220 (cold ULIRG) and Mk231 (hot ULIRG) respectively. Given the relatively
featureless infrared spectra of AGN, the AGN component SED agesponds to a
single tapered disc dust torus model. Emission lines are then addeddach of
the template spectra, taken from ISO-LWS observations of ndar galaxies (e.g.

Negishi et al., 2001).

| use the same FIR emission line strengths as were used in CO7. MIRission line
strengths are taken, where possible, from the same sources &sused for the FIR
emission lines. In some cases data were not currently available at gheshorter
wavelengths, in which case sources with similar FIR characteristics ¢he original
template spectra are used. The galaxies from which | take the MIRrassion line
strengths are listed in table 5.1. The model spectra are shown in gei5.2 and are
added to the master "sky' at a spectral resolution of =0:08 m (R = 2500 at
200 m) in the waveband from 1 to 400 m. As per the method used in CO7, it was
assumed that an emission line would t into a single spectral channel. adever,

when re-interpolating a spectrum from the native resolution of thenaster “sky'
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into the lower resolution of a SAFARI observation, a situation som&hes occurs

where an emission line is spread over more than once channel.

log(flux)—constant

T 10 100 1000
Wavelength(um)

Figure 5.2: Template spectra which were used to populate thelatacube. From the top
downwards are the SED templates for: normal cold, normal, strburst M82, starburst,
10"L  LIRG, 10 L LIRG, cold LIRG, hot ULIRG, cold ULIRG, Seyfert 1 and

Seyfert 2.

The ux and redshift distributions for each SED type for the brightend and burst
mode evolution models are shown in gure 5.3. These gures show thestribu-
tion of SED type with 120 m ux ? and redshift over a 1 square degree region
of sky. In these regions of sky there are a total of 25596(389&®»urces with
Sizom > 0:342 mJy? (the 1 , 10hr sensitivity of SAFARI in its original speci ca-

tions). Of these sources 33(58)% hav#&,,, > 1 mJy. The burst mode evolution

2Throughout this chapter, the 120 m ux is used for the purposes of comparison etc., as it
is the central wavelength of the SAFARI waveband.

3The reason this ux value is used for comparison purposes is explaifkin the results section
of the chapter.



Component Galaxy Type Line Template Reference
Normal Cold/Normal NGC 7331 Smith et al. (2004)
Starburst M82/Starburst M82 Ferster Schreiber et al. (2001)
LIRG 10115 /Cold LIRG NGC 253 Sturm et al. (2000)
ULIRG Hot/Cold ULIRG Arp 220 Sturm et al. (1996)
AGN Seyfert 1 Mrk 1014 Armus et al. (2004)
AGN Seyfert 2 NGC 1068 Lutz et al. (2000)

Table 5.1: Sources used for the addition of MIR lines to the tenplate spectra that populate the data cube.

ANS TVIOIHILEY NV INOYHH S14IHSA3d ONILOVHLIX3 2'S

€Tt



CHAPTER 5. THE EFFECTIVENESS OF MIR/FIR BLIND, WIDE AREA,

—---— Seyfert

114 SPECTRAL SURVEYS IN BREAKING THE CONFUSION LIMIT
Bright—End Evolution (Fyyg,, > 0.342 mJy) Burst Mode Evolution (Fgg,n > 0.342 mly)

/‘O5§ T T T T T T T T T T T T T T T T T T E| 5; T T T T T T T T T T T T T T T T T T T ;

f e v ]

= —---LRG 1 o 1

10‘% 77777 ULIRG E 10* E: 3

Number

20 20
o 5
0 0

£ RS E
o} o]
z z

i
‘ |
0 2 4 6 0 2 4 6
z z

Bright—End Evolution (Fyy0,, > 1 mly) Burst Mode Evolution (Fiyp,, > 1 mdy)

10000 ‘ ‘ 1 10000 ‘ | ;

1000F . . 1000F :

b i . ’

0 o)

£ 100 3 E 100 E
D £ o]
z i z

10¢ 1 ; 10 .

1 ‘ : ‘ 1
0 2 4 6 0 2 4 6
z z

Figure 5.3: A plot of the ux (top row) and redshift (bottom tw o rows) distributions, for

each SED type, of the sources that populate the bright-end ad burst mode evolution
data cubes respectively. The top two rows are for sources wit120 m ux, Sisom >

0:342 mJy and the bottom row is for sources withSioo, > 1 mJy. Values are for a
1 square degree region of sky. Flux is measured as a fractiori the 120 m confusion
limit, =4:3 mJy
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model includes more high ux sources as well as more high redshifusces than
the bright-end model. The burst mode model also includes the moreteeme lumi-
nous/ultraluminous and Seyfert spectral types, which tend to dminate at higher
redshifts. 100(75)% of sources witB1,0, > 1 mJy have redshiftsz < 2:5, however

setting Sioom > 0:342 mJy these values drop to 95(74)%.

5.2.2 Generating Datacubes/Source Catalogs

In this chapter | assume the original speci cations of SAFARI, whic has a 2' 2'
FoV with a di raction-limited angular resolution of 8" at 120 m. According to its
current speci cations the instrument will cover the waveband from 35 to 210 m at
varying spectral resolution (R 1000 at 120 m). However, in this work, in order
to compare my results to those of CO7, | use the original wavebardvering from
30to 210 m. In order to ease computations | also assume a slightly larger Fo¥ o
128" 128". Thus to generate datacubes representative of the skyasuld be seen
by SAFARI | take 128" 128" sections of my arti cial skies and re-bin to a angular
resolution of 8" (to simplify |1 have assumed a wavelength independeangular
and spectral resolution). This re-binning allows for the possibility ofivo or more
sources in a single spatial bin. In these cases | refer to the brigsttesource with
Sioom > 0:342 mJy as the primary source and the second brightest sourcecals
with S50, > 0:342 mJy as the secondary source. Assuming the angular resolution
of SAFARI means that 6(8)% of all pixels have two or more sourcesgsent. If
there are multiple sources present in a spatial pixel only the two bigest will
be investigated as examination of the evolutionary models shows ththe vast
mayjority of other sources will be too faint relative to the primary aml secondary

sources to detect. | create the spectra by cropping the wavetshof the arti cial
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sky to between 30 and 210 m with and smoothing them to a xed resolution of
= 0:176 m (assuming a constant spectral resolution matched to SAFARI's
resolving power of R = 1000 at 120 m). As | use the original wavelength range
SAFARI, rather than its current speci cation, | have a slightly larger waveband to
pick up emission lines from. | then add Gaussian noise with a standare\dation
of =0:342 mJy and a zero mean along each spectrtimA datacube representing

a single SAFARI footprint is therefore 16x16x1024 pixels in size.

A “truth' catalog is simultaneously generated which tracks the locain of each
source in a datacube, as well as the redshift, SED type and 12éh ux. This

allows a later comparison between input redshift and those retriedeusing my
redshift estimation algorithm. This is the same method by which the dacube

and ‘truth' catalog were generated by CO7.

Datacubes are generated for both burst mode and bright-end@utionary models.
For each evolutionary model 100 di erent datacubes are investited (i.e. taken
from di erent regions of the larger 1 square degree cube) in ord&r account for
variance in the random spatial distributions, each of a size equivaleo 128" 128".
For each cube the noise (1=0.342 mJy) along the spectra is added by creating 10
di erently seeded randomly generated Gaussian noise arrays in erdo account for
the variance of results due to noise. | therefore have a total 00A0 datacubes for
each evolutionary model. By way of comparison, a gure of,( =120 m)=4:3
mJy is adopted for the confusion limit, based on Dole et al. (2004), asming 20

beams per source.

4The is the 1 noise value commensurate with the original sensitivity of SAFARI, far a 10hr
integration time.



5.2. EXTRACTING REDSHIFTS FROM AN ARTIFICIAL SKY 117

5.2.3 Detecting Sources and Extracting Their Redshifts

Redshifts are determined using a pseudo-cross-correlation (PGfethod and stored
- however, rst the presence of a source must be con rmed. This done by check-
ing the 120 m ux, Siom , Of each spatial pixel in the cube against a limiting
value. This action is performed before any other operations takdage, thereby
saving processing time on analysing non-existent or too-faint saas. | assume
that if any spatial pixel has Siom >0.342 mJy then a source is present and |
attempt to determine its redshift. This was chosen as my continuurauto value
as empirically’ it is found that if a source has 120 m ux less than this then
typically the emission lines are too faint to reliably use with the PCC methd. A

ow diagram illustrating the sequence of this method is shown in guré.4.

Each spectrum is preprocessed prior to redshift-determination the following way:
a) Each spectrum is t with a fourth order polynomial which is taken b represent
the continuum emission of the source; b) thé&;, Vvalue of the spectrum is
checked against a limiting value: ifS;5on < the limiting value, the source is
considered too faint to determine its redshift, and no further argsis is conducted
on the spectrum; c) The polynomial continuum tis subtracted fron the spectrum,
leaving an array containing only emission lines and noise (see gure 5.5)he 6
highest channels (withS > 2 ) in the array are then initially considered to be
emission lines and are taken to be the observed lines in my observed lameay
(OLA). Empirically it has been found that if the ratio of the strongest to veakest
(continuum subtracted) line uxes present inOLA is less than 1.5 then these lines
most likely arise from noise and | therefore consider such an array tontain no

genuine emission lines. Further analysis is only conducted on speciviath higher

SWherever a value has been determined empirically, it has simply been dermined via nu-
merous iterations of variations of the code, as being the value whicimost favourably e ects the
results.
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Figure 5.4: A owchart of the order in which the sources are olserved and then the
redshift-determination method implemented.
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ratio values than this.
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Figure 5.5: Shown in the left panel is a sample spectrum as came found in my arti cial
“skies'. In the PCC redshift determination algorithm the continuum of this spectrum is
t with a fourth order polynomial. This tis then subtracted from the spectrum, leaving
an array containing only emission lines and noise. The rightpanel shows the example
spectrum after the continuum t has been subtracted.

OLA is 1024 spectral channels in extent (i.e. identical to the spectraktent
of my data cube), and contains the continuum-subtracted ux othe 6 observed
possible emission lines at the appropriate spectral channels copesding to the
wavelengths of those lines, and zero elsewhere. In the case of amss&on line
stretching across multiple pixels, the line is compressed into a singleadmel and
there is a built in tolerance in the redshift tting routine to allow for this. The
brightest channel present inOLA is assumed to hold a genuine emission line. The
wavelength of this emission line is then compared to the set of tempdatvavelengths
compiled from a list of the strongest emission lines typically seen in galiacsspectra
in the MIR/FIR. This template line array (TLA) is equal to one at the a ppropriate
spectral channels corresponding to the wavelengths of the telai@ emission lines,
and zero elsewhere. This comparison then provides a table of pokesiedshifts the

source may lie at.

If the strongest line INOLA lies at pighest , and the template emission lines lie at
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wavelengths tempiate; » Wherej is the indexing of the line in the template (e.g. for
[Ol@51.82 m| =1, for [NIIlj@57.32 m | =2 etc.), then an array of possible

redshifts at which the source may lie can be determined from:

7 = brightest 1 (5.1)
template j
Wherek = 1,2,...1, where | is the total number of lines inT LA and thus the total

number of possible redshifts. The array of template emission lineELA, which
was used to determine the set of possible redshifts is now also usedttto the
observed possible emission line®LA. Thus in order to nd the redshift at which
TLA most closely matchesOLA, TLA is shifted to each of the possible source
redshifts, as in;

template y —  template 1+ z) (5.2)

| now havel binary redshifted template line arrays T LA), each of which are 1024

spectral channels in extent and are de ned by;

(TLA)w( i = template j )=1 (5.3)

(T LA)ik( i 6 template jx ) =0 (5-4)

wherei is the spectral channel corresponding to a given wavelength. Theength
of the correlation between the observed line array and each temgadine array is
given by;
i3(023
Ck = (OLA)|(T LA)ik (55)
i=0
The value ofz, which gives the highest value o€y is then assigned as the best

estimate of the source redshift. In this way the strength of the aich depends
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both on the strength of the continuum subtracted emission lines #t are coincident
between the observed spectrum and the redshifted line templatesd the number

of matches between lines of the observed and template emission lineys.

To improve the accuracy of the PCC method, use is made of additidna-priori
information (determined from a visual inspection of the model sp#a). Red-
shifts which produce template/observed array emission line matchdor strong,
commonly observed emission line pairs are weighted more heavily. Thagl@ional
weighting values forCy when a characteristic pair is found are determined empir-
ically to give the most favourable ratio of accurate to inaccurate swoce redshift
evaluation® 7. E.g. one of the strongest line combinations in the MIR is the
[SIN]/[Sill] pair at rest wavelengths of 33.42 and 34.82m respectively. If a match
is made between the observed line array and this line pair, thed is weighted
by an extra factor of 2. Two other, weaker, line combinations inclul in my
template array are the [OIII])/[NIlI] and [OHI])/[NII] pairs at rest w avelengths of
51.82, 57.32, 88.36 and 121.90n respectively. If a match is made between the
observed line array and either of these line pairs, the@y is weighted by an extra

factor of 1.5.

| include an additional criterion (which, again, have been found empdaally to
improve the e cacy of the PCC method) that, as the strengths ofthe members of
the [OHI)/[NI] and [OI]}/[NII] lines pairs are typically comparable, any value
of z, which gives a match in the observed line array with one member of eithe

of these pairs, but not its partner, is rejected. This relationship dids for all the

8An evaluated source redshift is de ned as being accurate if it di ersfrom the input model
redshift by less than 0.1, i.e.|Zevaated Zeatalog ] = 2z < 01

"Taking as an example three di erent weighting values: A, B and C. A outputs 3 accurate
redshifts and 0 inaccurate redshifts.B outputs 20 accurate redshifts and 10 inaccurate redshifts.
C outputs 15 accurate redshifts and 3 inaccurate redshifts. Of tese weighting values | would use
C as this outputs a high number of accurate redshifts, while limiting the number of inaccurate
redshifts.
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model spectra used in this work, however it may not always hold in pcace when

encountering genuine spectra as observed in extragalactic syse

In contrast to the work described in CO7, | can no longer assumeatthe strongest
emission line in the spectrum shortward of the continuum emission geédeter-
mined from the position of the peak of the polynomial t) is the [OIl] line at
63.18 m, as | now have strong MIR lines present in the spectra. | can, hewer,
still assume that the strongest line longward of the continuum emiss peak is the
[CII] line at 157.74 m. This is true as long as the reasonable assumption that
Taust > 20 K holds, as [CII] is then typically the only strong line longward of the
SED peak. Thus, if no single redshift is able to map the line template amtthe
observed line array, but the strongest line in the spectrum lies longwd of the
SED peak, and has a line to continuum ratic> 3 (found empirically to be the
lowest value to reliably use to identify the [CII] emission line at 157.74m in this

circumstance), | assume it to be the [CII] line and, from this, calcuta a redshift.

An evaluated redshift is recorded along with the position of the soce on the sky.
The redshift is referred to as the primary redshift and is considedteto be that
of the brightest, or primary, source in the given spatial bin. A slighy modi ed
redshift extraction algorithm is then run a second-time through tk spectrum, to
determine whether there is a second potential source of lower uysxresent: the
secondary source. When attempting to extract a redshift for #nsecondary source
in any spatial bin | rst zero the lines in OLA which | have already associated
with the primary source. | then add toOLA the 3 strongest lines in the spectrum
that have not yet been used in redshift tting to the spectrum, wih ux S >

3:5 & This line selection process is used as a) | nd empirically that 6 is the

8E.g. dening a line as any spectral channel which hasS > 2 , if a spectrum contains 20
spectral channels withS > 2 , | populate OLA with the brightest 6 of these lines, leaving 14
unused lines in the spectrum. In order to determine a secondary dshift | zero the lines in the
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optimum number of emission lines required to accurately t a primary edshift
(i.e. the maximum amount of lines the algorithm is able to use before emmtering
signi cant degeneracies) b) By de nition the secondary source isihter than the
primary, thus | expect noise to be more of a signi cant hindrance inedshift tting

- therefore the method needs more stringent requirements onetlstrength of the
emission lines used c) 3 is found to be the optimum number of lines to atidthe
previously selected lines which are not found to be associated withetlprimary
source - if all 6 lines of the initially selected lines are found to be assdewith the
primary source then 3 emission lines is the minimum number that can besed to
reliably t a redshift, and any more than this can results in signi cant degeneracies
in redshift tting if a large number of the initially selected lines remain urassociated
with the primary source. The algorithm now runs in a manner very similato
before, however (1) by de nition | expect the continuum-subtrated emission lines
from the secondary source to be of lower ux than those of the jpnary, and
so the requirement on the ratio of the strongest to the weakestngssion line in
the observed array is dropped to 1.3, and (2) also by de nition | am tking at
sources of fainter continuum ux, and thus are more susceptibleotpicking up
spurious emission lines: | therefore no longer weight more heavily sadts which
give matches for characteristic MIR/FIR emission line pairs, and no fgger allow
redshifts to be determined from the single [ClI] emission line. Both #@se changes
in the algorithm for secondary as opposed to primary redshift-detmination are

implemented because empirically they are found to give the most relialbresults.

The PCC method works by moving through each spectrum in the cubend cross-

OLA which | have already associated with the primary source. If, for emample, 4 lines in the
OLA contributed to the highest value of C¢ then these are zeroed, leaving 2 lines remaining in
OLA which can be used to determine a secondary redshift. Of the 14 remming unused lines
above 2 in the spectrum, 10 of these for example may have uxesS > 35 , the 3 brightest
of which | add to OLA. The OLA used to attempt to determine a secondary redshift therefore
contains a total of 5 lines.
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correlating MIR/FIR line templates at a discrete rather than contiruous set of
redshifts, and therefore attempts to t far fewer redshifts tothe spectrum. This
means | am less likely to encounter a pixel with a high noise level whichutd be
miss-identi ed as an emission line. | am therefore able to use weakenission lines
for redshift-determination, which enables the algorithm to probe wre deeply into
the noise. This is particularly powerful when looking at secondary soces which

typically will have weaker line uxes than primary sources

FIR Emission Lines Only :

As a rst test of my automated redshift-determination | comparehow e ciently
my PCC method works in comparison to that described in C07. CO7 madise of
spectra containing FIR emission lines only, therefore a direct comjson of this
original method, and my PCC method described in section 5.2.3 can oridg made
when using exactly the same spectra. To do this | use a variant of rRCC method
which uses FIR emission lines only. The lines are listed in table 5.2. In addi,
only the [OI]}/[NI] and [OHI)/[NII] pairs at 51.82/57.32 and 88.36/ 121.90 m
respectively are used to additionally weighCy, as these are the only characteristic

pairs which lie in the FIR waveband as de ned by C07.

Emission Line  OIll NIl Ol OIl NIl ol Cll
Wavelength ( m) 51.82 57.32 63.18 88.36 121.90 14553 157.74

Table 5.2: Lines used in source redshift-determination though template tting for the
FIR emission line only method.

MIR and FIR Emission Lines :

The general version of my method by default uses both MIR and FIRes in my
template array, which are listed in table 5.3. The version of the metlbalso allows

us to make use of all of the characteristic emission line pairs.
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Emission Line Nell Sl SllI Sill ot N Ol
Wavelength ( m) 12.81 18.71 33.42 34.82 5182 57.32 63.18
ol NI Ol Cll

88.36 121.90 145.53 157.74

Table 5.3: Lines used in source redshift-determination though template tting for the
method using both FIR and MIR emission lines.

5.3 Results

All results given in this section were determined by taking the averag values for
each of 100 FoVs ( 10 di erently seeded noise arrays = 1000 SAFARI FoVs) for
both bright-end and burst mode evolution. When quoting results &ém this work |
give the number of accurate redshifts retrieved as a percentagjethe total number
of sources within a given ux and redshift range in the datacube. Heever the
number of inaccurate redshifts are given as a percentage of thetal number of

redshifts output by the algorithm under the same constraints

5.3.1 Results From Clements et al. (2007)

The work described in CO7 made use of spectra containing FIR emisslmes only,
and results were only determined for the burst mode evolution moldéhey found
that all sources with redshifts atz  2:5 with Sio0m 1 mJy could be retrieved.
Redshifts higher than this could not be determined, as beyorzd = 2:5 the [Ol]
and [CII] lines are redshifted out of the SAFARI waveband.

Sources withSi20m 0:4 mJy (i.e. as much as 1/10th of the continuum confusion

limit at 120 m) were also retrieved, albeit with lower e ciency.

9E.g. a datacube has 100 sources within the speci ed redshift and u range and the algorithm
outputs 50 redshifts; 40 accurate and 10 inaccurate. The resudt statement would then be given
in the following form; | retrieve 40% of sources in my ux and redshift range accurately, with
20% of redshifts output by the algorithm under the same constraiits being inaccurate.
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5.3.2 Analysis Using FIR Emission Lines Only

Primary Sources :

Using the FIR emission line only version of my PCC method, as outlined ires
tion 5.2.3, | nd that | recover accurate redshifts for 85(46)%° of all primary
sources WithSioom 1 mJy, with 5(10)% of all primary redshifts output by the
algorithm under the same constraints being inaccurate. The afonentioned re-
covery values are given as a percentage of all sources, includingsi atz > 2.5,
but by de nition this method is unable to retrieve redshifts for souces atz > 2:5.
Beyondz = 2:5 the redshift recovery rate drops to zero for both evolutionargnod-
els. For sources withSi5om 1 mJy lying at z < 2:5 the recovery of redshifts for
primary sources is 85(64)%. Under the same constraints CO7 retrieved accurate
redshifts for 100% of the sources. However in that work redslsftivere determined
manually for each source whereas in this work they are determinedtamatically.
Unlike CO7 | am unable to assess each spectrum on a case by cases.baberefore
in attempting to minimize the number of inaccurate redshifts outputby the algo-
rithm | am forced to limit the maximum possible e ciency of the accurae redshift

recovery of the algorithm.

By dropping my 120 m ux cuto to Siyom 0:342 mJy, | nd that | recover
accurate redshifts for 36(33)% of all primary sources wit;50m 0:342 mJy,
with 12(13)% of all redshifts output by the algorithm under the sara constraints
being inaccurate. Taking into account only sources at< 2:5 my accurate recovery
percentage becomes 45(39)%. By dropping the cuto ux from 1 dy to 0.342 mJy
| have increased the total number of accurate redshifts recaee by 22(15)%, as

the majority of sources haveS;o0m < 1 mJy.

10Bright-end(Burst mode)
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Secondary Sources :

Using the FIR emission line only PCC method | retrieve accurate redsts for
30(27)% of all secondary sources when using a ux cuto &, > 0:342 mJy
with  6(4)% of all secondary redshifts output by the algorithm under tb same

constraints being inaccurate.

5.3.3 Extending Analysis to MIR

By default, the full version of my PCC redshift-determination metlod uses both
MIR and FIR emission lines, and it is this version which would be applied toeal
data. It is now possible to investigate sources at redshifts> 2:5 which account
for 5(26)% of the population with S;o0, > 0:342 mJy. Accurate redshifts are
retrieved for 75% of primary sources withS;ogm 1 mJy, for both bright-end
and burst mode evolution, with respectively 6(8)% of all primary reshifts output

by the algorithm under the same constraints being inaccurate.

| see here that using both MIR and FIR emission lines is less e cient in o®vering
accurate redshifts than only using FIR emission lines (while employingR,om

1 mJy cuto ), if z < 2:5. This is because most sources Wit®9m 1 mJy lie at
redshifts z < 2:5 in both evolution models, and | am subject to the disadvantage
of signi cantly more degeneracies in redshift tting due to a higher amber of
emission lines. Dropping the cuto t0S;20m  0:342 mJy, 38(54)% of all primary
sources withS;o0m  0:342 mJy are retrieved (see gure 5.6), with 14(9)% of all

redshifts output by the algorithm under the same constraints beminaccurate.

Secondary Sources :

Employing a 120 m cuto of 0.342 mJy, | nd that | am able to determine
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Figure 5.6: Plots of the 120 m continuum ux distribution (with ux measured as a

fraction of the 120 m continuum confusion limit,

o( =120 m ) = 4:3 mJy) for both

the total input primary sources (dashed) and primary sources with accurately determined
redshifts (solid). Shown in the top and bottom panels are theresults for the bright-end
and burst mode evolution models respectively. Results areof 100 SAFARI FoVs.
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accurate redshifts for 38(29)% of secondary sources witB;,om 0:342 mJy
(see gure 5.7), with 11(18)% of all redshifts output by the algoritm under the

same constraints being inaccurate.

5.4 Discussion

A summary of the most important results of this chapter can be sean table 5.4. |
nd that using the PCC method as described in this work, | can recar redshifts for
sources as much as 10 times below the traditional continuum conitws limit. | also
nd | am able to successfully retrieve redshifts from line confusegsctra caused
by multiple sources separated by smaller scales than the size of tiiF8RI beam
on the sky. However, using the burst mode and bright-end evolutiary models of
Pearson (2005), Pearson et al. (2007) and Pearson & Khan (2009 nd very few
spatial bins contain more than two sources witl$;29m 0:342 mJy and therefore

| do not test whether or not my method would be able to disentangle one sources

than this.
Primary Sources Secondary Sources
Cuto Flux | Sipom > 1 mJy\ Sizom > 0:342 mJy | Sizom > 0:342 mJdy
FIR Only 85(46)% 36(33)% 30(27)%
MIR+FIR 75(75)% 38(54)% 38(29)%

Table 5.4: The percentage of sources with accurately recoved redshifts for primary and
secondary sources, using FIR emission lines only as well apth MIR and FIR emission
lines, and employing cuto uxes of Siogm > 0:342 mJy and Sioom > 1 mJy.

Shown in gure 5.8 is the cumulative recovery (fraction of sourcesceurately re-
covered withS;,o less than that de ned by the x-axis) e ciency with increasing
ux. All source populations (the primary and secondary sources doth bright-end
and burst mode evolution) have a strongly increasing cumulative rexery fraction

at low uxes which then levels o at uxes higher than the confusion linit. This
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Figure 5.7: Plots of the 120 m continuum ux distribution (with ux measured as
a fraction of the 120 m continuum confusion limit, ¢( = 120m ) = 4:3 mJy) for

both the total input secondary sources (dashed) and secondag sources with accurately
determined redshifts (solid). Shown in the top and bottom panels are the results for the
bright-end and burst mode evolution models respectively. Rsults are for 100 SAFARI
FoVs.
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is because the bulk of their populations lie at very faint uxes, thefere a small
increase in e ciency of redshift-determination for faint sources rgatly increases

the total number of sources recovered over all uxes.

The bright-end evolution model has a larger fraction of low ux sowes, whereas
the burst mode evolution model has a similar population of low ux sowes, but
also a larger number of brighter sources. The e ciency of my methbfalls o with
decreasing ux (as illustrated in gure 5.6), therefore | retrieve he redshifts for
the burst mode evolution model more e ciently than for the bright-end evolution

model.

At higher uxes the redshift-determination e ciency for both populations ap-
proaches 100%, however at these higher uxes there are relaljvéewer sources.
Even at 10% of the confusion limit, 1 am still retrieving redshifts for 10% of
sources, and given that the number of sources at these uxes slarge | am gain-
ing information about a signi cantly larger number of galaxies than wold be the

case if | were confusion limited.

The percentage of retrieved redshifts which are in error is higheorfsecondary
sources than for the primary sources. This is to be expected basa by de nition
the secondary sources are fainter than the primary. | am thus m® likely to
confuse noise with emission lines. Another di culty encountered wheattempting
to retrieve secondary redshifts is that | am unable to set a continum ux limit
to consider the source to be viable. Therefore | am most often athpting to
estimate a redshift for a galaxy with is either fainter than the cuto ux, or non-
existent, signi cantly increasing the likelihood of retrieving an errorous redshift.
This problem is lessened somewhat by the introduction of more striegt criteria

in other areas when attempting to retrieve secondary redshiftbut it remains the
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Figure 5.8: Plots of the cumulative fractional recovery of ®urces (fraction of sources
accurately recovered with S1o9m less than that de ned by the x-axis) with increasing
120 m ux, measured as a fraction of the traditional 120 m continuum confusion limit,
¢ =120m) = 4:3 mJy. The top panel shows my results for primary sources and
the bottom panel shows my results for secondary sources. Theesults for burst mode
evolution are plotted as a solid line, and for bright-end evdution as a dashed line.



5.4. DISCUSSION 133

cause of a large percentage of the inaccurate secondary redsieifoveries.

I nd that by employing a cross correlation method for redshift de¢rmination,
where | am only considering a very discrete set of redshift possibilgiel am able
to reduce the Sy, cuto value without drastically decreasing the e ciency of
the method and thus am able to dig deeper into the instrumental nas Employing
the full MIR and FIR emission lines version of my method | nd that | can retrieve
accurate redshifts for a total of 38(52)% of all (i.e. both the primry and secondary
sources) sources Witls;2om 0:342 mJy for bright-end and burst mode evolution
respectively. Their respective frequency of occurrence of inacate redshifts as a
percentage of all redshifts output by the algorithm under the saenconstraints is

15(10)%.

A limitation of the PCC method is the possibility of sources with anomalosl line
strengths (such as Arp220) which can, for example, result in a misiati cation of
the [CII] line. The possibility of such occurrences has not been taken to account
here. Further improvement to my PCC method would aim to decreasthe total

number of erroneous redshifts output for reasons such as this.

Additional spectral features that can be used for nding redshifare those asso-
ciated with the PAHs. These features are much broader than thargssion lines
| have been using, thus observations could be made at lower spattresolution,
with a corresponding increase in instrument sensitivity. In this work have mod-
eled angular resolution as being constant over the full SAFARI bandf | were to

employ a more realistic model for angular resolution | may observeusoes which
are clustered in a single spatial bin in my current 8" binning, as being garable
(visible in di erent spatial bins) at shorter wavelengths. This could gni cantly

decrease the fraction of erroneous redshifts output for secamy sources.
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As discussed earlier, the sources from the bright-end evolution de are mostly
at low uxes whereas the burst mode has in addition a smaller populatioof high
ux sources. This accounts for the di erence in my recovery rate for the two
models. It is therefore important to further test the e cacy of my technique, and
of this deep observing mode of SAFARI spectral imaging on a numbef di erent

evolutionary models.

Using a Kolmogorov-Smirnov test | am able to determine whether atsef recov-
ered redshifts are from di erent parent populations. Thus by comparing redshift
distributions recovered from datacubes of di erent sizes | can tlymine what area
of sky is required for SAFARI to be able to reliably distinguish betweedi erent

evolutionary models. | compare the maximum deviation between theismulative
distributions (Wall, 1996) of the redshifts output from my PCC mettod for skies
populated with the burst mode evolution model and with the bright-ad evolution
model. | perform this comparison for increasing numbers of SPICA0Ws. Using
my PCC redshift-determination method | nd | am able to reliably distinguish
(probability that the sources from the two models are drawn fromhe same distri-
bution, P =0.01%) between the bright-end and burst mode evolution models it

a sky survey area equal to 8 SAFARI FoVs, each of 10 hrs integian time.

5.5 Conclusions

| have found that my PCC redshift-determination method is capabl®f resolving
sources (i.e. determining a unique redshift) more than an order ofagnitude
fainter than the traditional continuum confusion limit, however thee cacy of my

method is higher for brighter sources. The total percentage odwrces, accurately
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recovered, with 120 m ux greater than one tenth of the traditional continuum
confusion limit (Siom > =10) is 45 and 56% for the bright-end and burst

mode galaxy evolution models, respectively.

In this work | have used the PCC method on models based around ti8AFARI
instrument for SPICA, however the same technique could be used any sensitive
imaging spectrometer. The bright-end and burst mode evolution ndels include
sources up to redshifts oz 4 and 5 respectively. At these redshifts | am still able
to determine redshifts for sources using the PCC method. | havemnyet tested to
see at which redshift the PCC method begins to fail, this may be the Bject of

future work.

The evolutionary models | have investigated in this work have the bulkf their
populations at uxes fainter than the traditional continuum confusion limit for a
3.5 m telescope at 120m. The use of wide-area, spectroscopic surveys, as well as
redshift estimation techniques should, through enabling us to exct extra infor-
mation from the observed regions of sky, allow one to break throughe confusion
limit. This presents us with a better statistical sample with which to conpare
observed source counts and redshift distributions with those @ented in di erent
evolutionary models, therefore increasing the potential to reliablglistinguish dif-
ferent evolutionary models and observations with much smaller arearveys, and

therefore within shorter observing times.

Future work should include the following: 1) Use of the PAH feature® identify
sources and determine their redshifts. This will allow us to decreatiee spectral
resolution, thus increasing instrument sensitivity. 2) Investigatio of the viability
of taking into account sources with atypical line strengths. 3) Ma realistic an-

gular resolution modeling where spatial resolution varies across thaveband. 4)
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Investigation of the e ciency of the method when implemented on a wler range
of evolutionary models. 5) A more quantitative analysis of where thability to
retrieve redshifts from single and combined spectra begins to bkes discussed
in chapter 6. 6) It should also be noted that since the work descriden this pa-
per was conducted the technical speci cations of SAFARI have ahged somewhat
(e.g. waveband, sensitivity), therefore the results should be ohecked with more

up to date modeling of the SAFARI instrument.



Chapter 6

Spectral Line Confusion In

SAFARI Surveys

6.1 Introduction

In this chapter | concentrate in more detail on the impact of specal confusion
- the e ective scrambling of spectra from multiple sources. For thisvork | will
use the current speci cations of SPICA/SAFARI (see appendix A)with a 3.2 m
dish diameter, waveband coverage of 35 - 210n and a 5 10 hour sensitivity
of 2 mJy. Simulations as described in the previous chapter have showhat,
depending on the evolutionary model, as many as 8% of observed cipee with
120 m ux, Sioom > 0.4 mJy (equivalent to the up to date, predicted 1 noise of
SAFARI after 10 hours of integration, assuming a resolving powerf & = 1000),

are confused.

In order to maximize the amount of information a deep, wide-area sptral survey

137
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can extract from each observation, it is necessary to overcometh spatial and
spectral confusion, as much as possible. However, the ability tosodve spectral
confusion is much more dependent on a number of various propestief the com-
ponent galaxies than spatial confusion. Therefore in order to fullgonstrain our
ability to retrieve the redshifts of spectrally confused galaxies, it inecessary to
investigate the e ectiveness of the method described in chapter(Bereafter simply
referred to as "the method') as a function of the various combinedqperties of the

confused spectra. The key properties' e ects to investigate er

The relative ux contributions of the component sources: Therera two ef-
fects to consider when assessing the sensitivity of the method'setiveness
to the ux of the observed spectrum: 1) The unique ux of each othe
component sources, i.e. how distinguishable the emission lines ararfrim-
strumental noise; 2) The relative ux of the component sources.e. are the
emission lines from one source still detectable over the continuum ission

of the other source.

The sensitivity of the method to spectral type (i.e. the strength ad number
of emission lines present in a spectrum) - The method should be extrely
reliant on the number of emission lines observable in SAFARI's wavel@n

as well as the intrinsic brightness of these lines.

Whether there are any emission line wavelength degeneracies forticalar
spectral type/redshift combinations, as well as if there are anyedshift in-

tervals for particular spectral combinations where the method leaks down.

Beyond what redshift does the method begin to break down?

In this chapter | will present the results of a set of simulations invéigating the
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reliance of the e ectiveness of the method on these propertiesgénerate a set of
confused spectra made up of the sum of two galaxy spectra, aowg combinations
across the dimensions of redshift, luminosity and spectral typehgre are 5 basic
classes of galaxy used in this work to make the spectral templatéise justi cation
for this, as well as a discussion of the nature of the galaxy templatecan be
found in chapter 5). | then run the redshift extraction algorithm o all of these
generated spectra, therefore determining the method's e ecémness over each of

these parameter spaces.

6.2 The Model Spectra

Throughout this work | will concentrate on a subset of the spec&rused in chapter 5.
These have been chosen to be representative of the 5 main typésggalaxy as
discussed previously: Normal, Starburst, LIRG, ULIRG and Seyife The emission
line templates added to the model continuum emission have been upethto match

up with more recently published work using higher sensitivity obsertians (where

available) from those used previously.

The selection criteria for FIR and MIR emission lines was simply that theare
detected in the referenced (below) spectroscopic observatiavfsthe prototypical

galaxies.

The Normal galaxy template's emission lines are based on the protptgal galaxy,
NGC 7331. MIR emission line luminosities are taken from Smith et al. (28D
and FIR emission line luminosities are taken from Brauher et al. (2008)The
prototypical galaxies from which the MIR emission line luminosities for IRG and

ULIRG templates are taken are NGC 253 (Sturm et al., 2000) and Arp20 (Sturm
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et al., 1996), respectively. The MIR emission line luminosities for the &burst
and Seyfert templates are taken from the work presented in Spigi® et al. (2011),
in which the averaged correlation between the emission lines in the MRR

and infrared luminosity for active and starburst galaxies are calcuied from a
number of spectroscopic surveys. The FIR emission line luminositiesalculated
as a fraction of the total FIR luminosity, Lg 1000m , Of each galaxy) for all galaxy
templates other than Normal are also taken from Spinoglio et al. (2@). The

continuum emission models remain unchanged.

There are some di erences in the emission line strengths of the médesed in
this chapter compared to those used previously. In the cases betMIR and FIR

emission lines for Starburst and Seyfert type spectra, and the Rlemission lines
for LIRG and ULIRG type spectra, in this chapter the line luminositieshave been
taken from the averaged results of a number of spectroscopicngys (Spinoglio
et al., 2011), whereas in the previous chapter they were taken rinothe results
of spectroscopic observations of speci ¢ prototypical galaxieShese updated val-
ued were chosen for inclusion in the models simply because they predd more
‘generic' representation of the average emission line propertiegtod various spec-
tral types. For the Normal model, the FIR emission line strengthsdve changed a
little, due to the values having been taken from more recent resultiowever the
di erences are minimal (the maximum di erence in line luminosity being aprox-

imately 1.6 for [Ol|@63.18 m). All other emission line uxes remain the same

as were used in the previous chapter.

The emission lines and their luminosities as a percentage of the tot&® luminosity,
L1 1000m , are listed in table 6.1. When adding the emission lines to the template
SED, a rotational velocity of 500 km s! is assumed in determining the width of

the lines.



LineID | Br H ,S(5) H,S(2) [Nell] [NeV] [CHI] [Nelll] H,S@) [PII] [Fell]
(m) 4.05 6.91 1228 12.81 1432 14.38 15.55 17.03 17.89 17.95

Galaxy Type Normal

Line =Lir (10 2%) 0.03 0.14 0.01 0.07
Starburst

0.32 0.02 0.07
LIRG

0.07 3.11 0.03 0.22 0.07 0.03 0.03

ULIRG

0.34 0.39 0.85 0.38
Seyfert

396 261 4.29 1.21

Vd103dS 139dON 3HL 29

Table 6.1: Emission lines included in the model spectra fortie template galaxies. Line luminosity is given as a percenige of the total
IR luminosity, L1 1000m , Of the galaxy.

T



Line ID [[SHI] [Felll] [NeV] [OIV] [Fell] H,S(0) [SII] [Sill] [OIN] [NII]
(m) 1871 2293 2431 25.89 2598 28.22 3348 34.82 5181 5%7.32
Galaxy Type Normal
Line =Lir (10 2%) 0.06 0.01 0.02 0.04 0.22 051
Starburst
0.68 0.01 288 247 448 3.14
LIRG
0.73 0.13 0.09 0.27 1.69 264 487 341
ULIRG
213 159 490 3.43
Seyfert
5.07 1.57 21.84 337 255 291 204

Table 6.1: cont.
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Line ID | [OI] [OIN] [NI] [Ol] [ClI]
(m) |63.18 8836 121.90 14553 1574
Galaxy Type Normal
Line =Lir (10 2%) 2.42 0.79 4.94
Starburst
11.21 4.48 1.79 0.67 11.21
LIRG
12.17 4.87 1.95 0.73 12.1y
ULIRG
12.24 4.90 1.96 0.73 12.24
Seyfert
728 291 1.16 0.44 7.28

Table 6.1: cont.

Vd103dS 139dON 3HL 29

evt
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The rest frame template spectra for all of the spectral types ad in this work
are shown in gure 6.1. Also shown is a plot of their 40 m ux as a function
of redshift, which is calculated employing a concordance cosmologicadel with

ol =1, m=0:3, =0:7andHq=75kms Mpc 1.

6.3 Simulations

Each spectrum run through the algorithm is made up of the sum of svcomponent
spectra. A confused spectrum was generated for all possible bomations of spec-
tral type, redshift and luminosity. Redshifts vary in the rangez = 0:2;0:4:::0:6.

Luminosities vary in the rangelog(L,r =L ) =10;105:::12. Spectra were binned
to the resolving power of SAFARI at 120 m of R = 1000, and unlike in previous

work, the wavelength binning now varies as a function of wavelength

The instrumental noise added to observed spectra has been maatl to agree with
the most recent technical speci cations of SAFARI (see appendiR). Thus a
randomly seeded noise array at a mean ux level of 0.4 mJy (equivateto the
1 noise of SAFARI after 10 hours of integration, assuming a resolvingpwer of
R = 1000) was added to each confused spectrum, before it wasrhain through

the algorithm. A redshift estimate is taken to be accurate nz'“"“tz% < 01.

6.3.1 Modi cations to the Algorithm

The algorithm used in this chapter works in largely the same way it did adescribed
in the previous chapter. However, due to some of the changes raad the template

spectra, and the now varying wavelength binning along each spaatn, some minor
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Figure 6.1: The left panels show the rest frame template spéxa used in this work and the
right panels show their observed 40 m ux as a function of redshift. All templates are
normalized so that in their rest frame, i.e. at z = 0, they have an infrared luminosity,
Lir = 10'2L . The broad features present in the shorter wavelength regira of the
spectra are the PAH features at 3.3, 6.2, 7.7, 8.6, 11.3, and2l7 m as well as the
silicate absorption feature at 10 m . These are also the origin of the dramatic dips and
bumps in the plots of ux versus redshift.
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Figure 6.1: cont.
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modi cations have been made to the code:

1) - One of the main changes to the code is that the continuum ttingnethod is no
longer performed using polynomials. This is because the algorithm ndwas to t

confused spectra showing unusual continuum shapes, e.g. caminvith two strong
peaks in emission where both the spectra are of comparable ux. &e continuum
emission shapes are not t very well using polynomials, thereforedf are t using
a new method. An example confused spectrum prior to any continou tting is

shown in the top panel of gure 6.2, and the new continuum tting meéhod is

outlined below:

Stepping through the spectrum, the standard deviation is meased in bins

4 times the size of the expected width of an emission line at that wavetgh.

If the standard deviation in a bin is found to be 1.5 than the average across
the whole spectrum, then that bin is considered to contain a possikaenission

line.



148 CHAPTER 6. SPECTRAL LINE CONFUSION IN SAFARI SURVEYS

If a bin is considered to contain a possible emission line then the spectr
is linearly interpolated over that region. An example of a spectrum tdr all
possible emission lines have been removed is shown in the middle panel of

gure 6.2.

The continuum t is then subtracted from the spectrum. The resilting ar-
ray should contain only possible emission lines and some of the remaining
instrumental noise from the bins containing the possible emission linedn

example of this is shown in the bottom panel of gure 6.2.

2) - Due to the changes made to the strength of the emission lines imetspectral
templates, the emission lines used by the algorithm to t a redshift tdhe spec-
trum have changed. However, whereas some emission lines are é&iitthan in the
previous chapter, an equal amount appear to be brighter. Thdme the results
from the previous chapter should not be too, if at all, adversely eaed. The new

list of emission lines used is shown in table 6.2.

3) - In the previous chapter, the algorithm made use of commonly sérved emission
line pairs by weighting any redshift which had a match with a pair more taily.
However, as an e ect of the changes in the template emission lineket[NllI] line

at 57.32 m isn't as strong a feature as was previously used, in all the spedtra
types. Therefore the [Ol11]/[NII] emission line pair is no longer usedatadditionally

weight any redshift ts.

Emission Line  [Nell] [Nelll] [SI] [OIV] [SH] [Sill] [OI]
Wavelength ( m) 12.81 1555 1871 2589 33.48 34.81 51.81
NI [0l [OW] [NH [0  [CH]
57.32 63.18 88.36 121.90 14553 157.74

Table 6.2: Template emission lines used in the redshift tting procedure.

4) - Due to the change in value of the updated instrumental noisehé cuto ux
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Figure 6.2: The results from running the continuum tting me thod on a confused spec-
trum. The top panel shows the input spectrum prior to tting. The middle panel shows
the spectrum after having removed any possible emission les. The bottom panel shows
the results of removing the contents of the middle panel fromthe contents of the top

panel - leaving an array containing only possible emissionnes, and some of the remain-
ing noise from the bins containing the emission lines. All enssion lines detected in the
bottom panel have been labelled.
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(i.e. the minimum ux that the confused spectra must have for the lgorithm to

attempt to t redshifts to it) is increased to 0.4 mJy.

5) - The cuto ux is no longer checked against the spectrum's 120m continuum
ux, instead it is checked against the averaged continuum emissiorcr@ss the
whole spectrum. This is due to there being more unusual continuummession
shapes compared to those in the previous chapter. Thus the algom avoids, as
much as is possible, unnecessarily rejecting spectra (i.e. rejectsmectra which
have a faint 120 m ux, but are otherwise bright enough for the algorithm to be

e ective on) for redshift tting.

6.4 Results & Discussion

Two of the primary factors controlling the e ciency of the method ae the line
ux and redshift of the sources. Redshift controls which emission ks are visible
in SAFARI's waveband, and the intrinsic line brightness controls howasy these
lines are to detect. Important to also investigate is the spectraiype of the galaxy,

which will also have an e ect on what emission lines are observable.

6.4.1 As a Function of Flux

Figure 6.3 shows how well | am able to accurately recover the redssifor each
component galaxy in a composite spectrum, as a function of their extral type

and ux.

The lowest recovery rates occur for Normal type galaxies. This isast likely due
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to the fact that the Normal type spectral template has smallest imber of strong
emission lines. Normal type spectral templates are therefore timeost adversely
a ected by instrumental noise, as the majority of its emission linesdcome indis-
tinguishable from instrumental noise for a relatively small drop in ux Therefore
it is no surprise that the redshift recovery rate for Normal galax® will drop-o at

a higher ux than for other sources.

Conversely, the best recovery rates are seen in ULIRG, LIRG ar&tarburst type
galaxies. All of these galaxies types have a large number of very tigmission

lines, which are still observable even at very faint continuum emission

For most sources | am able to accurately recover a redshift for Etast one of the
galaxies as long as that galaxy haS,ym > 0:1 mJy. The absolute ux of each
galaxy appears to be the most important factor regulating my abilityto accurately
estimate a redshift for a component galaxy. It seems that absokitux of each
component is even more important than their relative ux. An excepon to this

is for combinations of Normal and other type spectra. The diereces in the
shapes their continuum emission mean that the emission lines from thormal

type spectra are often di cult to detect against the strong contnuum emission
from the other spectrum. Additionally, the apparent "oblong' shae of the plotted
results is due to the total continuum emission from the combined sgiea dropping

below the cuto ux of the algorithm once the contribution from the non-Normal
spectrum decreases. Thus this observed result is an arti cial cstnuct of the way

in which the redshift-determination algorithm works.

It is possible to accurately estimate redshifts for both of the congment galax-
ies even when one of the galaxies has a 4th ux 10 times that of the other

(i,e. 0.1<S(Daom =S(2)40m < 10), as long as they both havé&,,, > 0:1 mJy.



152 CHAPTER 6. SPECTRAL LINE CONFUSION IN SAFARI SURVEYS
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Figure 6.3: The average percentage of component sources titaccurately estimated

redshifts for spectra made up of two component sources, witlredshifts in the range

z=0:2;0:4:::6 and IR luminosities in the rangelog(L;r =L ) =10;10:5::: 12. Results
are plotted as a function of the 40 m ux of each of the component sources. In each
plot the rst spectral type named relates to Flux 1, and the second to Flux 2. The solid

vertical and horizontal lines showSsom = 0:4 mJy for galaxy 1 and 2 respectively. The
solid diagonal lines showS,o (Galaxy1)=S40m (Galaxy2) =0.1, 1 and 10. Component
sources are, from left to right, top to bottom: Normal and Normal; Normal and Starburst;

Normal and LIRG; Normal and ULIRG.
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Figure 6.3: cont. Component sources are, from left to right, top to bottom: Normal and
Seyfert; Starburst and Starburst; Starburst and LIRG; Starburst and ULIRG.
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An exception to this rule is Seyfert type galaxies, for which the retgt recovery
does seem to be somewhat more controlled by the relative ux of theompo-
nent sources. This can be seen when plotting the recovery of reifis versus
ux for Seyfert galaxies (gure 6.3); the contours seem to followhe bounding
Siom (Galaxy 1)/ S4m (Galaxy 2) lines more closely than for other galaxy types.
This is most likely due to the shape of the SEDs of Seyfert type galagjavhere the
brightest emission lines lie on a continuum whose emission at wavelergytieyond
its peak, drops o rapidly. Therefore these lines are more likely to bendetectable

against brighter continuum emission from the other component spgum.

6.4.2 As a Function of Redshift

Figure 6.4 shows how well | am able to accurately recover redshifts a function of
the spectral type and redshift of the two component galaxies. Adif the component
galaxies have IR luminosity,L;x = 10*?L (i.e. the maximum value used in the
simulations), so as to minimize the e ects of noise on the evaluation ofcovery.
A key result, observable at rst glance, is that the highest recove rates typically

occur for galaxies with a distribution of bright emission lines over a widenge of

wavelengths.

A key point of investigating the impact of redshift on the redshift reovery e ciency
is isolating and separating out the e ect of ux as much as possible. |€arly, the
ux of each source will drop as a function of redshift. | have alreadinvestigated
the e ects of ux on the e ciency of redshift recovery in section 64.1, and de-
termined an approximate critical ux, Sgi, where the redshift recovery e ciency
begins to drop-o for each spectral type. By comparing.i; with the plots shown

in gure 6.1 | can then estimate the coincident critical redshift,z.; , at which the
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Figure 6.4: The distribution of sources with accurately estimated redshifts as a func-
tion of the redshift of each of the component galaxies. In edt plot the rst spectral
type named relates to Redshift 1, and the second to Redshift.2Blue and red squares
show where an accurate redshift has been estimated for eitheomponent galaxy 1 or
2, respectively. Green squares show where accurate redghithave been estimated for
both of the component galaxies. Yellow squares show where aaccurate redshift has
been estimated when both of the galaxies are at the same redi$h Black squares show
where no redshift has been accurately estimated for eitherairce. All galaxies have IR
luminosities, L1 1000m = 10%?L . Component sources are, from left to right, top to
bottom: Normal and Normal; Normal and Starburst; Normal and LIRG; Normal and
ULIRG.
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template galaxy reaches this ux. Therefore, when investigatingte redshift recov-
ery e ciency purely in the redshift parameter space, of importantnote is whether
the drop-0 in recovery occurs at atz < zqy Or Z > Zyi . In the former case
then the drop-o in recovery cannot be explained by ux, and theefore is likely
an e ect of the emission lines present in the waveband; in the lattelase then the

drop-o can be explained simply by the e ects of noise.

It is worth noting that for all of the spectral types, the results gpear to be constant
irregardless of what the other component spectrums's spectrigipe is. In other
words, the method is not reliant of the various combinations of spial type, rather

only the individual spectral type.

Normal Galaxies :

Normal galaxies show the weakest recovery as a function of reifisiof all the
spectral types. The drop-0 in recovery rate of redshifts for Nrmal galaxies occurs
at aredshiftz 0:6. This corresponds to a40m ux, Ssm 5.4 mJy, which is
much higher than the observed cuto ux for Normal galaxies, aseen in gure 6.3.
This implies that it is the e ect of redshift rather than ux that caus es this drop-o
- the most likely explanation being that all of the useful emission linessed for
redshift tting have been shifted out of the SAFARI waveband at geater redshifts
than this. Examining table 6.1 to see what emission lines are observalitethe
SAFARI waveband beyondz = 0:6 rea rms that this is most likely the case, as

the majority of remaining emission lines are faint.

Starburst Galaxies :

The drop-o0 in redshift recovery e ciency for Starburst galaxies appears to be-
gin at redshifts z 2:8, which corresponds approximately to a 40 m ux,

Siom 0.14 mJy. This value is similar to the critical ux observed in gure 6.3,
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which suggests that the key factor controlling the limit of the methd's ability to
accurately estimate redshifts for Starburst galaxies is the brighess of the galaxy,

and the relative level of the instrumental noise.

LIRGs :

The drop-o in redshift recovery e ciency for LIRGs appears to begin at redshifts
z 2.8, which corresponds tdSsom 0.04 mJy. Comparing this to the critical
ux observed in gure 6.3, again implies that the limiting factor contrdling the
recovery e ciency for this spectral template is the ratio of the bightness of the

galaxy to the instrumental noise.

ULIRGS :

The drop-o in redshift recovery e ciency for ULIRGs appears tobegin at redshifts
z  2:8, which corresponds approximately t&4om 0.02 mJy. Comparing this
to the critical ux observed in gure 6.3, again implies that the limiting factor
controlling the recovery e ciency for this spectral template is thebrightness of the

galaxy/instrumental noise.

Seyfert Galaxies :

The drop-o in redshift recovery e ciency for Seyfert galaxies apears to occur
roughly over the rangez 3 4:4, which corresponds t&4, 1-0.5mJdy. The
perceivable drop-o in recovery is far less steep than for other sptral types, with
redshifts still being accurately recoverable at much higher redstsf This is most
likely due to the shape of the Seyfert SED, which has most of its lumisity at
MIR wavelengths, and therefore the drop-o of observed 40m ux versus redshift
at higher redshifts is much less steep than for other spectral tgp. Again, com-
paring these results with those observed in gure 6.3 implies that theain factor

controlling the recovery e ciency for this spectral template is thebrightness of
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the galaxy relative to the instrumental noise. However, the distribition of sources
from which we have accurate estimates for both component redf$f more closely
follows the z1 = z2 line than for other galaxies. This is likely due to the e ect
discussed earlier, where the recovery of redshifts from Seyfgaiaxies seem much
more dependent on the relative brightness (i.6540m (Galaxy 1)/ Ssom (Galaxy 2))

of the component galaxies than the other spectral types are tigally.

6.5 Conclusions

The dominating factors controlling the method's ability to accuratelyestimate

redshifts for the component galaxies of spectrally controlled sa@s appears to be
the brightness of the component galaxies and the number of obgarle emission
lines present in each component spectrum. Investigation does rsftow any clear
regions in the redshift parameter space where there appear todegenerate redshift
solutions for the observed positions of the emission lines. Providingdiwidual

galaxies are bright enough, the method only begins to fail once all thie emission
lines bright enough to be detected against the other componentesgrum's emission
as well as the instrumental noise, have been redshifted out of SMR's observable

waveband.

For galaxies in which there is a wide distribution of emission lines (i.e. th@svhich
have emission lines present in SAFARI's waveband over a wide rangeedshifts),
the e ciency of their recovery is dominantly dependant on their brigntness relative
to the instrumental noise. When plotting recovery as a function ofux there

appears to be a critical ux - where the peak emission line uxes drgpto the

same order as the 1 value of the instrumental noise - beyond which the recovery
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e ciency drops o steeply, with no redshifts accurately recoverd beyond this.

Galaxies that do not have a wide spread in wavelength of bright emissidines
show a much poorer recovery e ciency, with the dominant controlligg factor being
the source redshift. Unsurprisingly, the critical redshift (i.e. thesource redshift
beyond which the method starts to fail) occurs when the majority fahe strongest
emission lines (i.e. those most likely to be detectable by the method)eano longer

visible in SAFARI's waveband.



Chapter 7

Conclusions

7.1 Selecting Galaxies at 1.1 mm

In chapter 2, | estimated redshifts for a statistically complete sapte of seven
sources selected at 1.1 mm. | estimated a mean photometric redsbif zean

2:57 and a maximum ofz,.x = 4:50. In previous surveys carried out at 850m
(Chapman et al., 2005; Pope et al., 2006; Dye et al., 2008; Clementsakt 2008) -
with a collective sample of 200 galaxies - only one galaxy is at a higher redshift
than my two highest redshift sources. In addition to this, two of tle selected at
1.1 mm sources are undetectable down to very faint optical magndas - implying
that they might be at even higher redshifts. This agrees with Ealeg al. (2003),
who found that some SMGs have low 850 to 1200n ux ratios, and suggested
that 1.1 mm observations may be more e cient at detecting high redsft SMGs

than 850 m surveys.

Re-investigating the evolution in space density of a sample of 38 85t selected

165
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galaxies (Pope et al., 2006; Wall et al., 2008) I nd some evidence foredshift
cuto in the space density of sources at z1 assuming a “hot' type SED, and
marginal evidence when assuming a “cold' type SED for a redshift outat z 2.
These results are from a relatively small sample, however, and teére may not
be completely reliable. | also found evidence - in agreement with Wall &t (2008)

- for two separately evolving sub-populations, separated in luminios

All the samples investigated in this work are statistically complete - i.ethey do
not require a radio identi cation, and are therefore not limited to relshifts z < 3.
In this unbiased sample | nd some evidence for a redshift cuto beteenz 1-2,
suggesting that the de cit of of high redshift SMGs is real. Howevethe sample
sizes used in this work are relatively small - and therefore the ressilinay not be
robust. In order to more fully investigate whether or not there is aeal redshift
cuto for SMGs, larger surveys need to be made in the future, witlnstruments

such asHerscheland SCUBAZ2.

7.2 The Origin of the Decline in the Cosmic Star

Formation Rate

In a sample of 102 galaxies detected kyerschelat 250 m, with either a spec-
troscopic or estimated photometric redshift, only 1/4 of galaxies atz 1 showed
optical morphological evidence of undergoing a major merger. Thimplies that

a drop in the number of major mergers since redshifis 1 is not responsible for

the coinciding drop in the cosmic star formation rate.

There are a number of other processes, which do not have suchrargg e ect on a
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galaxy's optical morphology, that could e ect the star formation ates of galaxies.
These include minor mergers, weak tidal interactions with small sdliée galaxies,

and the depletion of cold gas from star formation.

| used the da Cunha et al. (2008) model to estimate star formatiorates (SFR)
and speci ¢ star formation rates (sSFR), stellar and dust massdsr the 74 iso-
lated galaxies in this sample with either a spectroscopic redshift, orestimated
photometric redshift with z < 2 (as beyond this redshift my photometric estimates
appear to be less accurate). Where any correlations are foundy mesults agree
with the existing literature. | nd evidence that galaxies at higher relshifts are un-
dergoing more recent bursts of star formation, whereas locallgges have already
formed the majority of their stellar population. These results are iragreement
with a "downsizing' theory of galaxy formation (Cowie et al., 1996), wdre the

most massive galaxies form at higher redshifts.

Of particular interest in my sample is that they are a clean set of isolat, non-
merging systems. Therefore it possible to look for explanations fiie steep decline
in cosmic SFR since redshifts z1, in a sample in which merging is unlikely to have
had an e ect. Assuming that the gas mass of a galaxy correlatesasonably well
with its dust mass, | nd a - somewhat scattered - relationship with he SFR
increasing with the gas mass of a galaxy. Therefore the drop in thestnic SFR

could be due to a coinciding drop in the average gas mass of a galaxysia 1.

7.3 Breaking Through the Confusion Limit

Sensitive imaging spectrometers could, in the future, provide a unig method by

which we can break through the confusion limit of wide area continuuiR surveys -
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allowing us to go much deeper in our observations. | nd that | am abl® estimate
accurate redshifts for - and therefore uniquely resolve - spatialbonfused sources
with 120 m ux as much as ten times below the traditional continuum confusion

limit.

Additionally, | also nd that | am able to uniquely identify spectrally confused
sources down to very faint uxes. However, the e ectiveness tiis method is very
dependent on the spectral type of the galaxy, i.e. the number ardistribution of

strong emission lines across the spectrum.

In the evolution models used in this work, the majority of the galaxiebe at uxes
well below the traditional continuum confusion limit. Therefore the ge of imaging
spectrometers, and methods to automatically estimate redshift®r all sources,
should allow us to glean information about a previously inaccessible pdation of

IR galaxies.

7.4 Finally. ..

Currently operating instruments, such as theHerschel Space Observatory, are
providing ever-increasing insights into the true nature of the Uniwvse at IR wave-
lengths. Large-area surveys biierschel as well as the next generation of IR space
telescopes, should help resolve a great number of the issues dssdisn this thesis,
such as the existence of a redshift cuto in the space density of &4, and the

main reason for the decline in the cosmic star formation rate since %.

In the future, imaging spectrometers such as the SAFARI instruent on the pro-

posed SPICA mission will provide an unprecedentedly sensitive view thie IR
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Universe, and the spectral makeup of its extragalactic populationThe ability to

resolve emission lines in galaxies' spectra will enable us to diagnose thecha-
nisms by which the dust is heated - thus leading to understanding dfi¢ nature of
the powering of the CIB. Additionally, the implementation of automatd redshift
estimation methods on deep, wide-area surveys will allow us to bretdtough the
continuum confusion limit by uniquely identifying sources via their redsfts. This
in turn will allow us to extract new information about a population of previously

inaccessible galaxies.

Our understanding of the make-up of the CIB - which, near its peakhas yet to
be fully resolved into individual sources - is likely to develop greatly in #ncoming

years, leading to an exciting age for IR astronomy.
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Appendix A

The Instrumental Speci cations

of SAFARI

The proposed JAXA-led SPICA (Space Infrared Telescope for Ashomy and
Astrophysics) mission and the SAFARI FIR imaging Fourier Transfam spectrom-
eter (SpicA FAR-infrared Instrument) instrument concept areto date (September
2011), still undergoing revisions regarding their technical specations. The work
described in this thesis makes use of a number of di erent revisionstbese speci -
cations, therefore for simplicity | will present the relevant details bthese revisions

in this appendix.

The original technical speci cations of SAFARI (formerly named ES- European
Spica Instrument) are detailed in Swinyard et al. (2009). In this rasion SPICA
o ered a 3.5 m dish, with a diraction limited angular resolution of 8" anda eld
of view of 2' 2'. The SAFARI instrument was proposed to cover the waveband
30 - 210 m at resolving power varying from R 20 - 2000. The 5 10 hour

sensitivity of SAFARI was proposed to be 1.7 mJy.

171
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Following this publication the wavelength coverage of SAFARI was résed to 35 -

210 m (SPICA Study Team Collaboration, 2009).

Most recently, SPICA's physical dish size was decreased to 3.2 m Hgawa (2010),
which decreased SAFARI's 5 10 hour sensitivity to 2 mJy (SPICA Study Team
Collaboration, 2010).



Bibliography

Amblard, A., et al. 2010, Astron. Astrophys., 518, L9+

Armus, L., et al. 2004, Astrophys. J. Suppl., 154, 178

Barger, A. J., Cowie, L. L., & Wang, W. 2008, Astrophys. J., 689, 68

Barton, E. J., Geller, M. J., & Kenyon, S. J. 2000, Astrophys. J., 53 660
Baugh, C. M., Cole, S., & Frenk, C. S. 1996, Mon. Not. R. Astr. Soc283, 1361
Bell, E. F., & de Jong, R. S. 2000, Mon. Not. R. Astr. Soc., 312, 497

Bell, E. F., et al. 2005, Astrophys. J., 625, 23

Blain, A. W., Small, I., lvison, R. J., Kneib, J., & Frayer, D. T. 2002, Physics
Reports, 369, 111

Bolzonella, M., Miralles, J., & Pelb, R. 2000, Astron. Astrophys., 363476

Bouwens, R. J., lllingworth, G. D., Franx, M., & Ford, H. 2007, Astrghys. J.,
670, 928

Brauher, J. R., Dale, D. A., & Helou, G. 2008, Astrophys. J. Suppl., 78, 280
Bruzual, G., & Charlot, S. 2003, Mon. Not. R. Astr. Soc., 344, 1000

Bundy, K., et al. 2006, Astrophys. J., 651, 120

173



174 BIBLIOGRAPHY

Bushouse, H. A., et al. 2002, Astrophys. J. Suppl., 138, 1

Calzetti, D., Armus, L., Bohlin, R. C., Kinney, A. L., Koornneef, J., & Storchi-
Bergmann, T. 2000, Astrophys. J., 533, 682

Cameron, R. M. 1976, Sky and Telescope, 52, 327
Carilli, C. L., & Yun, M. S. 1999, Astrophys. J. Letters, 513, L13
|. 2000, Astrophys. J., 530, 618

Cesarsky, D., Lequeux, J., Abergel, A., Perault, M., Palazzi, E., Maduh, S., &
Tran, D. 1996, Astron. Astrophys., 315, L305

Chapman, S. C., Blain, A. W., Smail, I., & lvison, R. J. 2005, AstrophysJ., 622,
772

Charlot, S., & Fall, S. M. 2000, Astrophys. J., 539, 718
Chary, R., & Elbaz, D. 2001, Astrophys. J., 556, 562

Chini, R., Kreysa, E., Kruegel, E., & Mezger, P. G. 1986, Astron. Asbphys., 166,
L8

Cimatti, A., et al. 2008, Astron. Astrophys., 482, 21
Clegg, P. E., et al. 1996, Astron. Astrophys., 315, L38

Clements, D. L., Isaak, K. G., Madden, S. C., & Pearson, C. 2007, #hsn. Astro-
phys., 465, 125

Clements, D. L., et al. 2008, Mon. Not. R. Astr. Soc., 387, 247

Cole, S., Lacey, C. G., Baugh, C. M., & Frenk, C. S. 2000, Mon. Not..RAstr.
Soc., 319, 168



BIBLIOGRAPHY 175

Combes, F. 2005, in American Institute of Physics Conference &, Vol. 783,
The Evolution of Starbursts, ed. S. Hattmeister, E. Manthey, D Bomans, &

K. Weis, 43{49

Conselice, C. J., Bershady, M. A., Dickinson, M., & Papovich, C. 200&stron.
J., 126, 1183

Coppin, K., et al. 2010, Astrophys. J., 713, 503

Cowie, L. L., & Barger, A. J. 2008, Astrophys. J., 686, 72

Cowie, L. L., Songaila, A., Hu, E. M., & Cohen, J. G. 1996, Astron. J.,12, 839
da Cunha, E., Charlot, S., & Elbaz, D. 2008, Mon. Not. R. Astr. Soc.388, 1595

da Cunha, E., Eminian, C., Charlot, S., & Blaizot, J. 2010, Mon. Not. RAstr.
Soc., 403, 1894

Daddi, E., Cimatti, A., Renzini, A., Fontana, A., Mignoli, M., Pozzetti, L., T ozzi,
P., & Zamorani, G. 2004, Astrophys. J., 617, 746

Daddi, E., et al. 2007, Astrophys. J., 670, 156

Damen, M., Labke, I., Franx, M., van Dokkum, P. G., Taylor, E. N., & Gawiser,
E. J. 2009, Astrophys. J., 690, 937

de Graauw, T., et al. 1996, Astron. Astrophys., 315, L49
|. 2010, Astron. Astrophys., 518, L6+

Devlin, M. J., et al. 2009, Nature, 458, 737

Dole, H., et al. 2001, Astron. Astrophys., 372, 364

|. 2004, Astrophys. J. Suppl., 154, 93



176 BIBLIOGRAPHY

|. 2006, Astron. Astrophys., 451, 417

Dudley, C. C. 1999, Mon. Not. R. Astr. Soc., 307, 553

Duley, W. W., & Williams, D. A. 1981, Mon. Not. R. Astr. Soc., 196, 269
Dunlop, J. S., & Peacock, J. A. 1990, Mon. Not. R. Astr. Soc., 2419
Dunne, L., & Eales, S. A. 2001, Mon. Not. R. Astr. Soc., 327, 697

Dunne, L., Eales, S. A., & Edmunds, M. G. 2003, Mon. Not. R. Astr. &., 341,
589

Dunne, L., et al. 2009, Mon. Not. R. Astr. Soc., 394, 3

Dye, S., Eales, S. A., Ashby, M. L. N., Huang, J., Egami, E., Brodwin, MLilly,
S., & Webb, T. 2007, Mon. Not. R. Astr. Soc., 375, 725

Dye, S., et al. 2008, Mon. Not. R. Astr. Soc., 386, 1107

Eales, S., Bertoldi, F., lvison, R., Carilli, C., Dunne, L., & Owen, F. 2003Mon.
Not. R. Astr. Soc., 344, 169

Eales, S., Lilly, S., Gear, W., Dunne, L., Bond, J. R., Hammer, F., Le Fae, O.,
& Crampton, D. 1999, Astrophys. J., 515, 518

Eales, S. A, et al. 2010, Astron. Astrophys., 518, L23+
Efstathiou, A., & Rowan-Robinson, M. 1995, Mon. Not. R. Astr. So., 273, 649
|. 2003, Mon. Not. R. Astr. Soc., 343, 322

Efstathiou, A., Rowan-Robinson, M., & Siebenmorgen, R. 2000, Momot. R.
Astr. Soc., 313, 734



BIBLIOGRAPHY 177

Elbaz, D., Cesarsky, C. J., Chanial, P., Aussel, H., Franceschini, A., &da, D., &
Chary, R. R. 2002, Astron. Astrophys., 384, 848

Elbaz, D., et al. 1999, Astron. Astrophys., 351, L37
|. 2007, Astron. Astrophys., 468, 33
Elston, R., Rieke, G. H., & Rieke, M. J. 1988, Astrophys. J. Letters331, L77

Erb, D. K., Steidel, C. C., Shapley, A. E., Pettini, M., Reddy, N. A., & Addberger,
K. L. 2006, Astrophys. J., 647, 128

Farrah, D., et al. 2001, Mon. Not. R. Astr. Soc., 326, 1333
|. 2007, Astrophys. J., 667, 149

Faure, C., et al. 2008, Astrophys. J. Suppl., 176, 19
Fazio, G. G., et al. 2004, Astrophys. J. Suppl., 154, 10

Feulner, G., Gabasch, A., Salvato, M., Drory, N., Hopp, U., & BenderRR. 2005,
Astrophys. J. Letters, 633, L9

Flores, H., et al. 1999, Astrophys. J., 517, 148

Ferster Schreiber, N. M., Genzel, R., Lutz, D., Kunze, D., & Sternbrg, A. 2001,
Astrophys. J., 552, 544

Franx, M., et al. 2003, Astrophys. J. Letters, 587, L79

Genzel, R., & Cesarsky, C. J. 2000, Ann. Rev. Astron. Astrophys38, 761
Genzel, R., et al. 1998, Astrophys. J., 498, 579

Glazebrook, K., et al. 2004, Nature, 430, 181

Grin, M. J., et al. 2010, Astron. Astrophys., 518, L3+



178 BIBLIOGRAPHY

Haarsma, D. B., Partridge, R. B., Windhorst, R. A., & Richards, E. A. 2000,
Astrophys. J., 544, 641

Hailey-Dunsheath, S. 2008, PhD thesis, Cornell University
Hauser, M. G., & Dwek, E. 2001, Ann. Rev. Astron. Astrophys., 3249
Heavens, A., Panter, B., Jimenez, R., & Dunlop, J. 2004, Nature, 82625

Hogg, D. W., Cohen, J. G., Blandford, R., & Pahre, M. A. 1998, Astrphys. J.,
504, 622

Holland, W. S., et al. 1999, Mon. Not. R. Astr. Soc., 303, 659
Hopkins, A. M. 2004, Astrophys. J., 615, 209

Houck, J. R., et al. 2004, Astrophys. J. Suppl., 154, 18
Hughes, D. H., et al. 1998a, Nature, 394, 241

|. 1998b, Nature, 394, 241

Imanishi, M., Dudley, C. C., Maiolino, R., Maloney, P. R., Nakagawa, T., &
Risaliti, G. 2007, Astrophys. J. Suppl., 171, 72

lvison, R. J., Small, I., Le Borgne, J., Blain, A. W., Kneib, J., BezecourtJ., Kerr,
T. H., & Davies, J. K. 1998, Mon. Not. R. Astr. Soc., 298, 583

Jeong, W., Pearson, C. P., Lee, H. M., Pak, S., & Nakagawa, T. 200don. Not.
R. Astr. Soc., 369, 281

Joint Astronomy Centre. 2004, Atmospheric Transmission,

http://www.jach.hawaii.edu/, accessed: 15/09/2011

Juneau, S., et al. 2005, Astrophys. J. Letters, 619, L135



BIBLIOGRAPHY 179

Juvela, M., Mattila, K., & Lemke, D. 2000, Astron. Astrophys., 360,813
Kennicutt, Jr., R. C., Tamblyn, P., & Congdon, C. E. 1994, Astroph. J., 435, 22
Kessler, M. F., et al. 1996, Astron. Astrophys., 315, L27

Koekemoer, A. M., et al. 2007, Astrophys. J. Suppl., 172, 196

Kriek, M., et al. 2006, Astrophys. J. Letters, 649, L71

|. 2008, Astrophys. J., 677, 219

Laurent, O., Mirabel, I. F., Charmandaris, V., Gallais, P., Madden, S. G Sauvage,
M., Vigroux, L., & Cesarsky, C. 2000, Astron. Astrophys., 359, 88

Le Fevre, O., et al. 2000, Mon. Not. R. Astr. Soc., 311, 565
Le Floc'h, E., et al. 2005, Astrophys. J., 632, 169
Lemke, D., et al. 1996, Astron. Astrophys., 315, L64

Lilly, S. J., Le Fevre, O., Hammer, F., & Crampton, D. 1996, Astrophg. J. Letters,
460, L1+

Lutz, D., Sturm, E., Genzel, R., Moorwood, A. F. M., Alexander, T., N&er, H.,
& Sternberg, A. 2000, Astrophys. J., 536, 697

Madau, P., Pozzetti, L., & Dickinson, M. 1998, Astrophys. J., 498,06

Marsden, G., et al. 2009, Astrophys. J., 707, 1729

Melbourne, J., Koo, D. C., & Le Floc'h, E. 2005, Astrophys. J. Lettes, 632, L65
Merendez-Delmestre, K., et al. 2007, Astrophys. J. Letters,55, L65

|. 2009, Astrophys. J., 699, 667



180 BIBLIOGRAPHY

Moncelsi, L., et al. 2011, Astrophys. J., 727, 83
Morgan, H. L., & Edmunds, M. G. 2003, Mon. Not. R. Astr. Soc., 343427

Nakagawa, T. 2010, in Society of Photo-Optical InstrumentatioEngineers (SPIE)
Conference Series, Vol. 7731, Society of Photo-Optical Instremtation Engi-

neers (SPIE) Conference Series

Negishi, T., Onaka, T., Chan, K., & Roellig, T. L. 2001, Astron. Astrofys., 375,
566

Neugebauer, G., et al. 1984, Astrophys. J. Letters, 278, L1
Nguyen, H. T., et al. 2010, Astron. Astrophys., 518, L5+
Noeske, K. G., et al. 2007, Astrophys. J. Letters, 660, L43
Oke, J. B., et al. 1995, Publs. Astr. Soc. Pacif., 107, 375
Oliver, S., et al. 2000, Mon. Not. R. Astr. Soc., 316, 749

|. 2010, Mon. Not. R. Astr. Soc., 405, 2279

Pannella, M., et al. 2009, Astrophys. J. Letters, 698, L116
Papovich, C., et al. 2004, Astrophys. J. Suppl., 154, 70
Pascale, E., et al. 2009, Astrophys. J., 707, 1740

Patton, D. R., et al. 2002, Astrophys. J., 565, 208
Pearson, C. 2005, Mon. Not. R. Astr. Soc., 358, 1417
Pearson, C., & Khan, S. A. 2009, Mon. Not. R. Astr. Soc., 399, L11

Pearson, C., & Rowan-Robinson, M. 1996, Mon. Not. R. Astr. So®283, 174



BIBLIOGRAPHY 181

Pearson, C. P. 2001, Mon. Not. R. Astr. Soc., 325, 1511
Pearson, C. P., et al. 2007, Advances in Space Research, 40, 605

Rerez-Gonalez, P. G., Trujillo, I., Barro, G., Gallego, J., Zamorarm, J., & Con-

selice, C. J. 2008, Astrophys. J., 687, 50
Rerez-Gonalez, P. G., et al. 2005, Astrophys. J., 630, 82

Pilbratt, G. L. 2004, in Presented at the Society of Photo-Opticalnstrumentation
Engineers (SPIE) Conference, Vol. 5487, Society of Photo-Omldnstrumenta-
tion Engineers (SPIE) Conference Series, ed. J. C. Mather, 4@1

Pilbratt, G. L., et al. 2010, Astron. Astrophys., 518, L1+

Poglitsch, A., et al. 2010, Astron. Astrophys., 518, L2+

Pope, A., et al. 2006, Mon. Not. R. Astr. Soc., 370, 1185

|. 2008, Astrophys. J., 675, 1171

Price, R., & Duric, N. 1992, Astrophys. J., 401, 81

Priddey, R. S., & McMahon, R. G. 2001, Mon. Not. R. Astr. Soc., 324.17
Puget, J. L., & Leger, A. 1989, Ann. Rev. Astron. Astrophys., 27161

Raymond, G., Isaak, K. G., Clements, D., Rykala, A., & Pearson, C. 20, Publ.
Astron. Soc. Japan, 62, 697

Reddy, N. A., Erb, D. K., Steidel, C. C., Shapley, A. E., Adelberger, KL., &
Pettini, M. 2005, Astrophys. J., 633, 748

Rieke, G. H., et al. 2004, Astrophys. J. Suppl., 154, 25



182 BIBLIOGRAPHY

Rigopoulou, D., Spoon, H. W. W., Genzel, R., Lutz, D., Moorwood, A. FM., &
Tran, Q. D. 1999, Astron. J., 118, 2625

Rodighiero, G., et al. 2010, Astron. Astrophys., 518, L25+

Roseboom, I. G., et al. 2010, Mon. Not. R. Astr. Soc., 409, 48
Rowan-Robinson, M. 1968, Mon. Not. R. Astr. Soc., 138, 445
Rowan-Robinson, M., & Crawford, J. 1989, Mon. Not. R. Astr. Sac238, 523
Rowan-Robinson, M., et al. 2004, Mon. Not. R. Astr. Soc., 351, 129

Rush, B., Malkan, M. A., & Spinoglio, L. 1993, Astrophys. J. Suppl., 891
Sanders, D. B., & Mirabel, I. F. 1996, 34, 749

Sanders, D. B., Soifer, B. T., Elias, J. H., Madore, B. F., Matthews, K Neuge-
bauer, G., & Scoville, N. Z. 1988, Astrophys. J., 325, 74

Saunders, W., et al. 2000, Mon. Not. R. Astr. Soc., 317, 55

Scheuer, P. A. G. 1957, in Proceedings of the Cambridge PhilosohiSociety,
Vol. 53, Proceedings of the Cambridge Philosophical Society, 7648/

Schmidt, M. 1968, Astrophys. J., 151, 393

Scott, K. S., et al. 2008, VizieR Online Data Catalog, 738, 52225
Scott, S. E., et al. 2002, Mon. Not. R. Astr. Soc., 331, 817
Scoville, N., et al. 2007, Astrophys. J. Suppl., 172, 150

Smail, 1., lvison, R. J., Blain, A. W., & Kneib, J. 2002, Mon. Not. R. Astr. Soc.,
331, 495



BIBLIOGRAPHY 183

Small, I., lvison, R. J., Owen, F. N., Blain, A. W., & Kneib, J. 2000, Astrghys.
J., 528, 612

Smith, J. D. T., et al. 2004, Astrophys. J. Suppl., 154, 199
Smottc, V., et al. 2011, Astrophys. J. Letters, 731, L27+

Soifer, B. T., & Neugebauer, G. 1991, Astron. J., 101, 354
SPICA Study Team Collaboration. 2009, private communication
|. 2010, private communication

Spinoglio, L., Gruppioni, C., Franceschini, A., Valiante, E., & Isaak, K. G 2011,

submitted

Sturm, E., Lutz, D., Tran, D., Feuchtgruber, H., Genzel, R., KunzeD., Moorwood,
A. F. M., & Thornley, M. D. 2000, Astron. Astrophys., 358, 481

Sturm, E., Lutz, D., Verma, A., Netzer, H., Sternberg, A., Moorwod, A. F. M.,
Oliva, E., & Genzel, R. 2002, Astron. Astrophys., 393, 821

Sturm, E., et al. 1996, Astron. Astrophys., 315, L133

Swinyard, B., et al. 2009, Experimental Astronomy, 23, 193

Veilleux, S., Kim, D.-C., & Sanders, D. B. 2002, Astrophys. J. Suppl.,4B, 315
Veilleux, S., et al. 2006, Astrophys. J., 643, 707

Vlahakis, C., Eales, S., & Dunne, L. 2007, Mon. Not. R. Astr. Soc., 971042
Wall, J. V. 1996, Q. JI. R. Astr. Soc., 37, 519

Wall, J. V., Pope, A., & Scott, D. 2008, Mon. Not. R. Astr. Soc., 383435

Werner, M. W., et al. 2004, Astrophys. J. Suppl., 154, 1



184 BIBLIOGRAPHY

Williams, R. E., et al. 1996, Astron. J., 112, 1335

Wilson, G. W., et al. 2008, Mon. Not. R. Astr. Soc., 386, 807

Younger, J. D., et al. 2007, Astrophys. J., 671, 1531

Yun, M. S., Reddy, N. A., & Condon, J. J. 2001, Astrophys. J., 55403
Zaritsky, D., Kennicutt, Jr., R. C., & Huchra, J. P. 1994, Astrophys. J., 420, 87

Zheng, X. Z., Hammer, F., Flores, H., Asemat, F., & Pelat, D. 2004Astron.
Astrophys., 421, 847



