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ABSTRACT

X-ray surveys of three Canada-France Redshift Survey (CFRS) fields using 
XMM-Newton are presented, with the aim of studying the Active Galactic Nuclei 
(AGN) and galaxy cluster populations in these fields. The X-ray sources detected 
in these surveys resolve 51% of the X-ray background (XRB) in the 0.5 — 10 keV 
X-ray band.

The relation between the X-ray and sub-mm extra-galactic backgrounds is 
investigated using a combination of X-ray data  and sub-mm data. The X-ray 
properties of the sub-mm sources and visa versa indicate tha t the XRB is domi
nated by accretion onto super-massive black holes, while the sub-mm background 
is dominated by dust-obscured star formation.

X-ray sources are identified with optical objects using the Canada-France Deep 
Fields (CFDF) survey, which covers the majority of two fields. The redshift dis
tribution of the AGN shows a clear peak at z ~  0.7.

The 2-point angular correlation function, W(9),  is calculated for the identified 
AGN but no significant clustering is detected. However, the results are consis
tent with X-ray selected AGN being good tracers of the normal, inactive galaxy 
population.

The environments of moderate luminosity AGN at z ~  0.5 are investigated, 
using the clustering amplitude measure B gq and close pair counts. When compared 
to a control sample of equivalent inactive galaxies no difference is found between 
the respective environments. Minor mergers with low mass companions is therefore 
the most likely mechanism by which these AGN are fuelled.

A new method for finding high redshift, optically selected, galaxy clusters 
is presented and is compared to X-ray selection. It is found th a t most optically 
selected clusters may have lower than expected X-ray luminosities suggesting tha t 
they are dynamically young compared to X-ray selected clusters.
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C hapter 1

A n Introduction  to  X-ray Sources

Astronomy is a vast and interesting science. W hat other subject can boast the 

entire Universe as its playground? This thesis represents but a tiny part of the 

huge endeavour to understand the Universe, but I hope th a t the reader will find it 

interesting nonetheless.

1.1 The Cosm ic X -R ay Background - X R B

X-ray astronomy is the observational counterpart to high energy astrophysics. In 

astronomical terms these fields are relatively recent additions to the science be

cause of the opacity of the Earths atmosphere to X-rays, which has, until the age 

of space instrumentation, made it impossible to study such things. X-rays are 

energetic photons tha t are produced by high tem perature phenomena. They range 

in energy from roughly 0.12 — 50 keV, or in wavelength from roughly 0.25 — 100 

A (although the exact definition is somewhat debatable) and fill the gap between

1



2 CH APTER 1. A N  IN TRO D U C TIO N  TO  X -R A Y  SOURCES

extreme ultraviolet at lower energies and gamma rays at even higher energies.

Like light from all regions of the electromagnetic spectrum  X-rays originate 

both from within our own Milky Way Galaxy and also from beyond - the so-called 

extra-galactic background radiation field. In a sense, extra-galactic astronomy is 

the study of this background radiation field and, with the exception of the CMB, 

to fully understand the origin of a particular background one must first resolve it 

into its constituent sources.

Figure 1.1 shows a recent compilation of da ta  for the extra-galactic back

ground. Each peak is dominated by different physical processes: the Cosmic Mi

crowave Background (CMB) has the highest energy density and is made up of 

redshifted photons from the surface of last scattering, the echo of the big bang as 

it were; the Far-Infrared Background (FIB, or sometimes Cosmic IR Background, 

CIRB) is the result of dust obscuration, which reprocesses higher energy photons 

from e.g. stars into the far-IR and sub-mm regime; the optical and UV back

grounds are essentially starlight while the origin of the Gamma-Ray Background 

(GRB) is still something of a mystery but probably includes highly energetic forms 

of super-novae, amongst other possibilities.

The X-Ray Background (XRB) contains significantly less energy density than 

either the FIB or the optical background but it is no less im portant to understand, 

if we are to fully appreciate the complexities of the Universe. Very soon after it 

was discovered it was found th a t the XRB can be resolved into individual sources; 

from then on extra-galactic X-ray astronomy and high energy astrophysics took 

off, with a primary aim to understand the nature of these sources and to explain 

the origin of the XRB.
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Figure 1.1: A plot of the extra-galactic background radiation field, taken from Bragaglia 
et al. (2000). CMB = Cosmic Microwave Background, FIB = Far-Infrared Background, 
XRB = X-Ray Background, GRB = Gamma-Ray Background. The optical and ultra
violet backgrounds are still somewhat uncertain in their exact form but they lie between 
the FIB and the XRB.

The spectrum of the XRB holds many clues as to its origin. It has a rather 

simple shape, significantly less complicated than the optical background, which 

still does not have a reliable measurement despite the relative m aturity of optical 

astronomy. Broadly speaking the spectrum of the XRB is a bump with a peak in 

energy density at ~  30 keV (the XRB ‘bum p’ in figure 1.1). In the energy range 

3 — 20 keV, the XRB can be well approximated by the following function:

I ,  =  A E ~ a ,



4 CH APTER 1. A N  IN TRO D U C TIO N  TO  X -R A Y  SOURCES

where a  is the spectral index, which determines the slope of the power law model. 

Although the normalisation is still uncertain to w ithin ~  10% the spectral index 

has been well determined to be a  ~  0.4 (Comastri et al., 1995). Therefore, over 

this fairly limited energy range, the XRB increases slowly in energy density, since 

v l u oc E 1~a = E 0,6 (the left hand part of the XRB ‘bum p’ in figure 1.1). At slightly 

lower energies (0.5 — 2 keV) the XRB is well fit w ith another power law of spectral 

index a  ~  1.0. The current generation of X-ray telescopes detect X-rays in the 

energy range ~  0.5 — 10 keV, and over this range the XRB is often approximated 

to a power law with a  =  0.4.

The remainder of this introduction gives some background to the sources that 

make up the XRB; the sources tha t form the subject of this thesis.

1.2 A ctive G alactic N uclei - A G N

The vast majority of the sources th a t make up the XRB are point-like and it was 

found th a t almost all were associated with the central regions of galaxies.

The term  Active Galactic Nucleus (AGN) is now used to describe what is, 

in effect, an accreting super-massive black hole (SBH) residing in the centre of 

a galaxy. A theoretical picture has gradually emerged from the various observa

tions of AGN so th a t we now have a reasonable understanding of the mechanisms 

involved (e.g. Antonucci, 1993). Broadly speaking an AGN consists of the SBH 

itself which is fed by an optically thick accretion disc of material. Beyond this, 

and in the same plane, is a torus of obscuring gas and dust th a t causes the AGN 

to assume a different appearance depending on the orientation of the observer’s 

view into the central engine. Along the axis of rotation jets of high energy plasma
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Figure 1.2: An idealised schematic representation (not to scale) of a radio-loud AGN from 
Urry & Padovani (1995), representing the current unification scheme that is thought to 
apply to essentially all AGN. The accretion disc and hot corona occupy a tiny region in 
the centre of this diagram, surrounded by the much larger obscuring torus. High velocity 
clouds orbit very close in to the central engine and so the broad emission lines produced 
by them are not visible when the observers’ line of sight runs through the obscuring 
torus. The low velocity clouds that are responsible for the narrow line emission are 
visible even at low viewing angles. The radio jets axe ejected along the rotation axis and 
they can travel well outside the confines of the host galaxy, where they impact with the 
inter-galactic medium causing radio-lobes. Radio-quiet AGN do not have such powerful 
radio jets and so have much less radio emission. ~  3/4 of all AGN are radio-quiet.
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are sometimes formed, which carry away the m ajority of the angular momentum 

lost from the in-falling accretion disc material; they can be powerful radio sources. 

Various other phenomena, such as broad and narrow emission line regions, arise 

when, respectively, high and low velocity gas clouds orbiting out of the plane of 

the accretion disc are illuminated by the radiation from the central engine.

Figure 1.2 shows a schematic representation of this ‘unification scheme’ to 

dem onstrate how this picture fits together geometrically. Although this figure 

shows a radio-loud AGN there is essentially no difference in the central engines of 

radio-loud and radio-quiet AGN; the radio emission seems to  be an addition rather 

than  a fundamental difference (Antonucci, 1993).

1.2.1 A G N  X -ray Continuum  E m ission

Differential rotation in the accretion disc arises because the inner parts orbit the 

black hole more quickly than  the outer parts (from io2 = G M / r 3: where uj is the 

angular velocity of an element of accretion disc at a radius r from a black hole of 

mass M).  The resultant friction between neighbouring layers causes the material 

in the disc (mostly gas and some dust) to gradually lose angular momentum and so 

spiral in towards the central black hole with the resultant loss of potential energy 

converted into heat. This not only results in the ultim ate consumption of the 

m aterial in the disc by the black hole, adding to the black hole’s mass, but also 

produces a characteristic accretion disc therm al spectrum. The tem perature across 

the face of the accretion disc is a function of its radius from the black hole, the 

closer the hotter, and so the overall spectrum is essentially the superposition of a 

range of black body curves at different tem peratures across the whole surface of 

the disc. This primary emission from the accretion disc is seen as an optical/UV
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continuum.

Further to this primary emission, observations in the X-ray regime reveal other 

components tha t contribute to a typical AGN continuum. Various models have 

been used to explain this X-ray emission but the most successful can be summarised 

as follows (Haardt, Maraschi, & Ghisellini, 1997): Above (and below, depending 

on your orientation) the accretion disc is a hot corona th a t is heated by some 

mechanism, possibly magnetic dissipation processes, to very high tem peratures 

(kT  = 30 — 300 keV). The free electrons in this hot corona reprocesses the primary 

accretion disc radiation into an X-ray continuum via inverse Compton scattering. 

Part of this X-ray radiation is modified when it is reflected back off the accretion 

disc, via Compton scattering, to form a ‘reflected component’; the ultimate X-ray 

emission is then a combination of the primary Comptonised emission from the hot 

corona plus the reflected component from the accretion disc (e.g. Haardt et al., 

1997). The X-ray source may be in the form of an optically thin parallel layer 

over the whole accretion disc, or be composed of a number of smaller ‘hot spots’. 

Figure 1.3 shows the continuum features typical of AGN in general, the right hand 

side of the plot being the most relevant to this discussion.

There is likely to  be a certain amount of feedback between the hard X-ray 

emitting corona and the softer thermalised disc with an exchange of photons be

tween the two. Not all the hard X-rays from the corona incident on the disc are 

reflected, and in fact the majority (89 — 90%) is thermalised in the disc and re

emitted where it is then Comptonised again by the hot corona, and so on (Haardt 

et al., 1997). The reprocessed thermalised radiation is therefore thought to be 

responsible for the UV bump and the reprocessed reflected radiation is responsible 

for the Compton bump at ~  30 keV (see figure 1.3). At higher energies (~  200 

keV) an exponential cut-off causes the continuum emission to drop off rapidly. This
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Figure 1.3: AGN continuum emission, taken from Manners (2002) and based on the 
mean of a sample of mainly UV excess quasars from Elvis et al. (1994).

is due to energy distribution of the Comptonising electrons: if the distribution is 

thermal the electrons follow a Maxwell-Boltzmann energy distribution and so the 

number of electrons of a given energy follows:

f ( e )  = A

where T  is the tem perature of the electrons. Above an energy of e ~  kT  the 

number of electrons capable of up-scattering continuum photons drops off expo

nentially causing the X-ray continuum to do the same. Therefore, the energy of the 

exponential cut-off indicates the tem perature of the electrons in the hot corona.

All AGN, from Seyferts to quasars have an intrinsic underlying X-ray contin-
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uum that, to first order, can be approximated by a power law with spectral index 

a  ~  0.8 —1.0 (see the long-dashed line in figure 1.3): a consequence of the feedback 

between the disc and corona. This is significantly softer than  the XRB spectrum so 

if the XRB is composed primarily of AGN then there is a clear discrepancy between 

the two. However, as X-ray surveys probe deeper into the XRB and resolve more 

and more of it into point sources it has become clear tha t there is more to AGN X- 

ray emission than simply the accretion disc and hot corona. Obscuring material in 

the torus (typically neutral hydrogen gas, HI) between the AGN and an observer 

acts to suppress the intrinsic X-ray emission via photo-electric absorption. The 

low energy (soft) X-rays are absorbed more heavily than the high energy (hard) 

X-rays however, so what starts out as a rather soft intrinsic spectrum becomes a 

much harder observed spectrum. Therefore, many of the AGN th a t make up the 

bulk of the XRB actually have a significant amount of intrinsic absorption, which 

results in the XRB having a harder spectrum than th a t of a typical unabsorbed 

AGN (see figure 1.4 for a demonstration of this effect).

1.2.2 The Current O bservational P icture

Deep exposures with the most recent and powerful X-ray observatories, XMM-  

Newton and Chandra (e.g Barger et al., 2003; Giacconi et ah, 2002; Mainieri et ah, 

2002; McHardy et ah, 2003; Page et ah, 2003), have built on the deepest RO SAT  

X-ray surveys (e.g McHardy et ah, 1998; Hasinger et ah, 1998) by going deeper and 

to higher X-ray energies with better positional accuracy. This has opened up the 

study of faint X-ray sources, such as high redshift AGN, and has also revealed X-ray 

emission from otherwise normal galaxies at more modest redshifts (Hornschemeier 

et ah, 2003). These surveys have now resolved the majority of the XRB in the soft
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Figure 1.4: The effect of varying column densities of intervening HI on the X-ray con
tinuum of an AGN (taken from Manners (2002)). The higher the column density of HI 
the higher the energy of X-rays that are ‘wiped out’ by the photo-electric absorption.

(0.5 — 2 keV) X-ray band with a small fraction left unaccounted for in the hard 

(2 — 10 keV) band (M oretti et al., 2003).

The nature of the XRB at these X-ray energies is now well on the way to 

being understood but there is still a small discrepancy in the hard X-ray band. 

The peak of the XRB lies at ~  30 keV and the sources th a t dom inate the 0.5 — 10 

keV band are not sufficiently hard to be the dominant sources contributing to the 

XRB peak. This indicates th a t a population of very faint sources, with very hard 

spectra, make up the remaining fraction of the XRB in the hard band, and would 

also be expected to contribute a much greater fraction to the XRB nearer its peak 

(Moretti et al., 2003). Such hard sources are most likely a result of extremely high 

obscuration.
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The radiation absorbed by the obscuring material must be re-emitted at longer 

wavelengths and the possibility of the Far-IR/Sub-mm background being somehow 

connected with the XRB is discussed in many papers (e.g. Almaini, Lawrence, 

& Boyle, 1999). However, current X-ray/Sub-mm surveys suggest tha t the two 

backgrounds are only loosely related (e.g. Waskett et al., 2003; Alexander et al., 

2003; Severgnini et al., 2000). Future instrumentation with higher energy limits 

are likely required to fully explain the XRB and the nature of the sources that 

dominate its peak.

At present though, the emphasis must be turned to those sources tha t we can 

observe easily with the current instrumentation. QSOs and type-I AGN dominate 

the softest X-ray energies with an increasing contribution from more obscured type- 

II AGN becoming im portant at higher energies (e.g. Gilli, Salvati, & Hasinger, 

2001). Identifying the optical counterparts to these sources is crucial for a full 

understanding of their properties and a great deal of effort has been expended in 

obtaining this information (e.g. Barger et al., 2003; McHardy et al., 2003).

For example, one of the most useful quantities tha t can be derived for a popu

lation of sources is the luminosity function. This reveals much about the nature of 
0

a population and determining its evolution with redshift can shed light on how the 

population as a whole changes over time. The X-ray luminosity function (XLF) 

has begun to be investigated in depth by several groups (Cowie et al., 2003; Steffen 

et al., 2003; Ueda et al., 2003). Both Ueda et al. (2003) and Steffen et al. (2003) 

find th a t the evolution of the XLF is a function of luminosity. The population of 

X-ray sources with L x (2 — 10 k e V ) > 3 x 1043 erg s-1 is dominated by type-I AGN, 

and the number-density of these sources increases with redshift out to z ~  2 — 3. 

At lower X-ray luminosities however, the fraction of type-II AGN increases rapidly 

with decreasing X-ray luminosity. The number-density of these sources appears to
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peak at z  < 1.

Although Chandra is better suited for identifying X-ray sources with optical 

counterparts {XMM  has a resolution of ~  6" full width half maximum (FWHM) 

cf. ~  0.5" for Chandra), X M M  has greater sensitivity and a larger field of view 

(FoV), making it better for large area surveys.

1.2.3 T his T hesis

The m ajority of this thesis concerns the point sources detected in a medium-deep 

X M M  survey composed of two separate exposures (~  0.4 square degrees). Most of 

these point sources are AGN. I study the sub-mm properties of a selection of X-ray 

sources (chapter 3), and visa versa, and then quantify the ability of such a survey 

to identify X-ray sources with optical counterparts (chapter 4). I also estimate 

redshifts for the identified sources using photom etric redshift codes. These allow 

a quick, and reasonably reliable, way of obtaining redshifts for objects with multi

band photometry. Although not as accurate as spectroscopy these techniques are 

becoming widely used as a short-cut for large surveys, where statistical properties 

are fairly insensitive to  the accuracy of individual redshift measurements (Csabai 

et al., 2003; Fontana et al., 2000; Kashikawa et al., 2003; Mobasher et al., 2004). 

These methods can also be used on objects fainter than  the spectroscopic limit, 

where many X-ray source counterparts reside (Alexander et al., 2001). I test two 

photometric redshift estimation codes on the X-ray source IDs and obtain a robust 

redshift distribution for those sources th a t could be identified reliably, while placing 

limits on the properties of those th a t could not.

In chapter 5 I analyse the clustering properties of the AGN detected in the
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XM M  surveys with the aim of understanding how AGN are distributed relative 

to the normal galaxy population. In chapter 7 I investigate the environments of 

moderate luminosity AGN, near the peak of the AGN redshift distribution, to see 

if the mechanisms by which they are fuelled are influenced by the environments of 

the AGN host galaxies.

The accretion history of the Universe is dominated by AGN with moderate 

accretion rates at z <  1. To fully understand the processes th a t lead to the produc

tion of the XRB we must understand the mechanisms th a t lead to this accretion. 

Many of the AGN in this thesis are members of that im portant population and so 

hold fundamental clues that could help explain the XRB phenomenon. If we can 

understand the origins and causes of accretion onto SBHs then we will be a step 

closer to knowing how this fits in with the rest of the Universe.

1.3 G alaxy C lusters

Chapter 6 is a slight deviation from the rest of the thesis as it does not deal with 

AGN but with the other population of X-ray sources tha t contributes to the XRB, 

albeit only a small fraction (~  5% in the soft band) - galaxy clusters.

Clusters are the end point of large scale structure formation. In the hierarchical 

picture of structure formation small things form first from fluctuations in the dark 

m atter density distribution. These small over-densities, or ‘dark m atter halos’ 

merge with each other to form larger conglomerations of dark m atter and so on. 

The process continues until we are left in the present day Universe with a very 

clumpy distribution of m atter on all different mass scales. Baryonic m atter, in the 

form of stars and galaxies etc., is caught up in the overwhelming gravity of the
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dominant dark m atter so th a t the distribution of mass is effectively traced by the 

light em itted from this ‘ordinary’ m atter.

Galaxy clusters are effectively the end point of a whole merger tree history 

and are the largest self gravitating systems in the Universe. W ith  masses up to 

>  1015 M q the dark m atter halos can encompass thousands of individual galaxies 

within the potential well. Along with the optically visible galaxies clusters are 

also perm eated with a very tenuous but also extremely hot ionised gas th a t sits in 

hydrostatic equilibrium with the dark m atter distribution. The mass of the gas is 

typically similar to th a t associated with the galaxies and together they make up 

only a small fraction (~  1/10 — 1/5) of the to tal mass of a cluster.

The mass distribution of dark m atter halos at any given point in time can 

be described the Press-Schechter formalism (Press k  Schechter, 1974), which ef

fectively gives a prescription for how the dum piness of the Universe evolves. The 

only assumption needed for this formalism is th a t an expanding cosmology is per

meated with a self gravitating ‘gas’ tha t experiences no forces other than  its own 

gravity (basically dark m atter). Prom an initially ‘grainy’ m atter distribution this 

formalism predicts how the smaller m atter condensations should merge together to 

form the larger ones, and this eventually results in a self-similar behaviour whereby 

the distribution of m atter has forgotten the form of the initial perturbations that 

caused it to start collapsing in the first place. It is very successful at reproducing 

the observed present day dumpiness of the mass distribution from galaxy to cluster 

and super-cluster scales.

However, when observing galaxy clusters the mass is not an immediately ob

servable quantity so we need something th a t we can observe th a t can then be used 

to estimate the mass. Fortunately there are several ways in which we can estimate
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the mass of a cluster:

Velocity dispersion of cluster galaxies. If the galaxies tha t make up a cluster 

are in dynamical equilibrium with the underlying potential well then the 

total mass of the system can be estimated from their line of sight velocity 

dispersion, a. For an isothermal distribution, M ci oc a 2.

X-ray properties. Rich clusters of galaxies produce extended X-ray emis

sion from the hot intra-cluster gas trapped in the potential well, via thermal 

bremsstrahlung radiation. Assuming this gas is in hydrostatic equilibrium 

with the cluster potential the X-ray properties are well behaved. The emis- 

sivity of the ionised gas scales as e oc p2asT 1/2, so the total luminosity of 

a cluster becomes L x  oc p2gasR zclT 1/2 oc M gaspgasT 1/2. The luminosity and 

tem perature can be estimated from the X-ray emission and so the density 

can be estimated using the size of the cluster. Since X-ray luminosity is most 

sensitive to the gas density the majority of the emission comes from the dense 

core of the cluster. The distribution of gas can then be used to calculate the 

total mass of the cluster, within a given radius, by assuming th a t the gas is 

in hydrostatic equilibrium with the dark matter:

p m pG \  d m r  a m r  J A

where T  is the tem perature and pm p is the mean particle mass of the gas.

• Gravitational lensing. Much more difficult to achieve, this technique relies on 

detecting background galaxies tha t have been gravitationally lensed by the 

mass of the cluster. The amount of distortion experienced by the background 

galaxy depends on the surface mass over-density of the cluster.
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All three methods give results th a t are consistent with each other, giving added 

certainty to  the mass determinations.

1.3.1 T he E volution  o f C luster X -ray P roperties

If we accept th a t the hierarchical picture of structure formation is the way in which 

clusters form, then they must still be forming today. As each sequential level of 

the hierarchy collapses then previous sub-structure is erased, leaving a central core 

which is essentially in quasi-equilibrium, while further out the cluster continues to 

grow through accumulation of in-falling m atter. If a sphere were placed around 

the core, separating these two distinct regions, then the density within the sphere 

is always about 200 times the background density, whatever the epoch. W ithin 

this framework clusters should, therefore, be quite easy to understand as, at their 

most basic level, they are only governed by a couple of processes. Kaiser (1986) 

used the assumption th a t the thermodynamics of the intra-cluster medium (ICM) 

is only determined by gravitational processes and th a t the emission from the hot 

gas is pure bremsstrahlung, to predict how the X-ray properties of clusters should 

evolve as we look to higher redshifts. The prediction of the resultant model is 

th a t clusters are self-similar, so tha t the properties of one cluster can simply be 

appropriately scaled to predict the properties of a cluster of different mass. This 

is the ‘self-similar’ model.

According to this model the characteristic cluster quantities are predicted to 

scale as follows: p* oc (1 +  z)3, M* oc (1 +  z )~3, R* oc (1 +  z)~2, T* oc (1 +  z ) ~ \  

L*x  oc (1 + z )~1/2 (assuming th a t the spectrum of density fluctuation in the early 

Universe is a power law i.e. scale free-initial conditions, and has a spectral index 

n  — — !)• T hat is, clusters at z > 0 should be denser, less massive, smaller,
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cooler and slightly less luminous. This means tha t the low redshift cluster scaling 

relations, predicted from assuming hydrostatic equilibrium and the virial theorem, 

should evolve with redshift also.

The key relations are then: Lx  oc M pT 1/2, L x  oc Tx ( 1 +  z )3̂ 2 and Lx  oc 

M 4/3( 1 +  z)7/2. We also have the relations between the velocity dispersion of the 

cluster galaxies and the properties of the hot gas e.g. T  oc cr2.

However, observations have revealed tha t real galaxy clusters do not follow 

these idealised scaling relations, so the self-similar model must be wrong to some 

degree. In reality, rather than following the relation Lx  oc Tx  clusters scale more 

like Lx  oc Tx .

The solution to this discrepancy lies in the physics missing from the self-similar 

model. Galaxy clusters are not simply subject to gravitational processes, such as 

adiabatic compression during collapse and shock heating, there is a great deal more 

going on. Kaiser (1991) introduced pre-heating into the self-similar model, which 

increases the entropy of the ICM (defined as S  = T / n2/3 where n is the fully 

ionised gas density) and prevent it from becoming so dense. This decreases the 

X-ray luminosity, especially for poorer clusters, where the extra added entropy is 

comparable to the self-similar entropy, and results in the much steeper Lx  — Tx  

relation.

The exact source of this extra heating during the formation of a cluster is not 

known but there are a number of candidates. Supernovae explosions could provide 

some heat but it is not enough to account for the observed relation. Heating 

by a central AGN is a more likely mechanism, as much more energy is available 

(Valageas & Silk, 1999).
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A significant consequence of this pre-heating is th a t high redshift clusters do 

not produce nearly as much X-ray emission as predicted by Kaiser (1986). In the 

original self-similar theory the X-ray luminosity function of clusters should evolve 

in a positive way towards high redshift and the comoving X-ray emissivity from 

clusters is predicted to increase, e oc (1 +  z)5/2 (for n = —1), so th a t high redshift 

clusters should be very numerous and easy to  find. However, this is not the case and 

in fact negative evolution has been observed meaning th a t high redshift clusters 

are much harder to  find than  initially expected.

1.3.2 T he C ooling Flow Problem

Continual input of energy by a central AGN may also be the best explanation for 

the so-called ‘cooling flow problem’. Put simply, this aspect of cluster evolution is 

a question of energetics. The hot gas in a cluster emits X-rays and so should cool 

down as the energy is carried away. The cooling rate is sensitive to the density of 

the gas because, as described above, the emission increases as p2, so the cooling 

rate is fastest in the centre of the cluster. Now, if the gas in the centre of a cluster 

is cooling quickly i.e. the cooling time is significantly less than  the Hubble time, 

then the hydrostatic support in the centre of a cluster decreases as the tem perature 

drops. This results in an inflow of gas leading to an increase in the central gas 

density. Because the gas is now denser it will radiate more efficiently, see above, 

and so will cool more quickly. tcooi oc T 2 at constant pressure so the cooler the gas 

gets the quicker it cools.

This runaway cooling effect should mean th a t all the gas in the cores of rich 

clusters (where the cooling time is less than  the Hubble time) should continue to 

cool until it has accreted into a central region, usually a giant elliptical cD galaxy.
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The inflow rate is given by M x  — (2Lcooi f im)/(5kT) (Fabian, 1994) and can be 

as high as 500 M0 yr-1 in some clusters. Why is it then th a t we do not see this 

extraordinary accretion rate in every cluster, and why does the gas in the cores of 

clusters appear to stop cooling once it reaches about 1/3 of the virial temperature? 

Some clusters do have cooling flows and are observed to have large in-flow rates 

but other clusters should be experiencing much more powerful cooling flows than 

they are observed to have. This is the cooling flow problem and is an outstanding 

problem in cluster evolution.

As mentioned at the start of this section a possible resolution of this problem 

could be found by assuming a continual heating of the gas in the cores of clusters 

by some mechanism that is capable of injecting vast quantities of energy into the 

ICM. Powerful AGN are the obvious candidate as the energy injection rate can 

easily outweigh the radiative cooling of the cluster gas. Also, the cooling flow itself 

may provide the necessary fuel to keep an AGN active and so a sort of feedback is 

set up between the cluster gas and the central AGN.

Another possibility is thermal conduction tha t draws energy in to the centre 

of the cluster from the hotter outer layers of gas to prevent the tem perature in 

the centre dropping enough to start a significant cooling flow. However, because 

conduction rate increases with tem perature it should become less efficient just as 

radiative emission is becoming more so i.e. in the cooler cores. Therefore, if an 

equilibrium is established between conduction and radiation it will be unstable 

leading inevitably to one process dominating over the other, i.e. either a cooling 

flow or an isothermal gas distribution. In reality most clusters experience a sort of 

half-way house in tha t they have a slightly cooler core than  the bulk of the X-ray 

gas, with moderate in-fall rates but not a powerful cooling flow. This issue has not 

yet been fully resolved.
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1.3.3 T he R elative E volution o f X -ray /O p tica l P roperties

There is - and needs to be - some distinction between galaxy clusters detected 

via X-ray means and ones discovered by optical methods. Although the original 

definition of galaxy clusters arose because they were first discovered in optical 

surveys as over-densities of galaxies, the galaxies themselves are only a symptom 

of the underlying phenomenon.

During the formation of a cluster the galaxies and the hot gas go down very 

different evolutionary paths. Therefore, a cluster detected as an over-density of 

optical galaxies may not necessarily be detected by X-ray methods.

W hen a cluster is first collapsing (or when several smaller dark m atter clumps 

come together, in the hierarchical picture) the member galaxies to be have a high 

line of sight velocity dispersion due to the rapid in-fall and there is no clear sepa

ration of different galaxy types. Only once the cluster has had time to relax do the 

galaxies settle down into a well behaved dynamical state. The equipartition of en

ergy between large and small galaxies eventually causes the most massive galaxies, 

such as giant ellipticals, to fall into the central regions of the cluster with a small 

velocity dispersion, while the smaller galaxies remain more widely distributed with 

a higher velocity dispersion.

So a cluster evolves from a very mixed up, irregular, high a  state into a 

more relaxed, regular, lower a  state with a clear mass-density relation. Other 

evolutionary effects also conspire to suppress star-form at ion in the galaxies with 

the highest environmental density (i.e. the cluster core) so what we end up with 

is a core of massive, red, elliptical galaxies surrounded by a halo of less-massive, 

blue, spiral galaxies. The more evolved a cluster becomes the lower the fraction of
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spiral galaxies becomes and the more relaxed and regular it appears.

The gas, on the other hand, has yet to fully virialise with the dark m atter 

distribution in a young cluster. The outcome of this is th a t although there is 

an over-density of optical galaxies at the position of the cluster the gas has not 

achieved its full potential X-ray luminosity. Only when the hot gas has become 

virialised and has reached the higher central density does the X-ray luminosity and 

tem perature start to behave in the ways described in section 1.3.

The two effects of high a and low L x  mean tha t dynamically young clusters 

do not follow the expected L  — a relation found for local evolved clusters (e.g. 

Lubin, Mulchaey, & Postman, 2004). X-ray surveys are therefore most sensitive 

to dynamically old, evolved clusters while optical techniques can also be sensitive 

to the younger cluster population. At high redshift there is a higher proportion 

of young clusters so optically selected samples show a significant difference in the 

X-ray/optical relations to those found for X-ray selected samples.

1.3.4 This Thesis

The work in chapter 6 concentrates on methods for finding high redshift galaxy 

clusters. Because different methods for finding clusters have different selection 

effects I employ both X-ray and optical techniques to find clusters within my data. 

Comparing different methods for finding clusters is im portant because evolutionary 

effects may alter the sensitivity of a particular cluster detection method in ways 

that we don’t yet understand. Any bias tha t affects one technique may be overcome 

by the use of another technique that doesn’t suffer from the same bias.

Only once we fully understand the evolutionary processes th a t cause devia
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tions from our expectations can we truly characterise the selection functions of 

different cluster finding methods. By relying on one m ethod alone we would risk 

misinterpreting our findings and missing im portant factors th a t influence our un

derstanding of cluster evolution.

Throughout this thesis I assume an H 0 of 75 km s-1 Mpc-1 and a concordance 

Universe with Dm  = 0-3 and Da =  0.7, unless otherwise stated.



C hapter 2

XM M -Newton  D ata  A cquisition  

and R eduction

2.1 Introduction

As this thesis is based on data taken by the XMM-Newton X-ray space telescope I 

will outline the data  and its basic reduction in this chapter, along with the source 

detection procedure I used to obtain the catalogues presented in chapter 4. Other 

data  is used at various stages throughout this thesis but I was not involved in its 

acquisition or reduction. Therefore, I will not present a discussion of these other 

data here except where it relates directly to this thesis.

23
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2.2 X M M -N ew ton  Overview

XMM-Newton  is an X-ray telescope th a t was launched into a high altitude, long 

period orbit in late 1999. Ordinary optics simply can’t reflect X-rays so like all 

X-ray telescopes X M M  uses special mirror assemblies th a t comprise a series of 

nested grazing-incidence mirrors, which focus the X-rays onto the detectors. There 

are three mirror assemblies (modules) in total, each one focussing X-rays onto a 

prim ary imaging instrument. The imaging cameras are designed to detect X-rays 

in the range ~  0.15 — 15 keV, although the range is often restricted to  less than 

this for useful scientific analysis.

All three imaging cameras are CCD designs, two of which are identical and 

are essentially the same technology used to make optical CCDs. These two are the 

M etal Oxide Semi-conductor CCDs (MOS) and they each receive ~  44% of the 

light from their respective mirror modules, the rest being diverted to Reflection 

G rating Spectrometers (RGS) for high resolution X-ray spectroscopy (I offer no 

further details on the RGS instruments here as they are irrelevant to this work 

apart from the reduction in the flux the two MOS instrum ents experience because 

of them). The remaining X-ray CCD is of a different design to the MOS cameras 

and sits in the unobstructed beam of the th ird  and final mirror module. This 

CCD is of the pn design, which offers superior sensitivity over the MOS design, 

particularly at higher photon energies.

All three cameras observe approximately the same area of sky in each exposure 

and operate simultaneously, as do the two RGS instruments. In addition to the 

X-ray instrum entation a small optical/UV telescope, the Optical Monitor (OM), 

also observes part of the same field as the primary cameras and is used principally 

for obtaining simultaneous UV data  of the X-ray sources under study. This si
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multaneous operation of all the instrumentation on X M M  gives it a big advantage 

over other X-ray telescopes, for example Chandra, which tend to offer a suite of 

instrumentation of which only one can be used during any given exposure.

2.3 X-ray D ata

Two main X M M  surveys are considered in this work, X-ray surveys of the Canada- 

France Redshift Survey (CFRS) 3 and 14-h (also known as the Groth Strip) fields 

(Lilly et al., 1995b). The 14-h XM M  data was first presented in Miyaji &; Griffiths 

(2001).

The data for the 3-h field were taken on 17th February 2001 by XMM-Newton  

over a period of 51.5 ks, using the thin optical blocking filters and in full frame 

imaging mode. All three primary instruments gathered data  (MOS 1, MOS 2 & 

PN) as well as the OM telescope. This field is centred on R.A. 03:02:38.60 Dec. 

+00:07:40.0.

The 14hr field data was obtained from the public archive after the proprietary 

period had expired, to extend the coverage of available X M M  data for the CFRS 

fields. This data was first presented in Miyaji &; Griffiths (2001) and later in Miyaji 

et al. (2003) and Miyaji et al. (2004). Of the several available exposures of this 

field, one was selected tha t most closely matched the exposure of the 3-h field. 

The exposure was taken over 56.1 ks, using thin filters, and is centred on R.A. 

14:17:12.0 Dec. +52:24:00.0.

In addition to the two main surveys presented in this thesis a third survey is 

also presented, albeit in less detail because of the lack of deep optical coverage for
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this field. This th ird  field is coincident with the 10-h CFRS field and was similarly 

surveyed by X M M  for 50.8 ks, using the thin filter for the PN instrum ent and the 

medium filter for the two MOS instruments. This field is centred on R.A 10:00:40.4 

Dec. +25:14:20.0. I do not discuss the Optical M onitor da ta  here, for any of the 

above surveys.

2.4 X-ray D ata R eduction

The XMM-Newton  raw data were processed using version 5.3 of an ensemble of 

tasks collectively titled the Science Analysis System (SAS). These tasks allow re

running of basic pipeline processes as well as further da ta  reduction tasks.

2.4.1 C reating Event Files

The raw data  files are labelled correspond to the different instrum ents on board

XM M .  PN refers to the PN instrument, M l to the MOS1 instrum ent etc. Each 

instrum ent has several files, each corresponding to one of the CCD chips on the 

arrays th a t make up the detector (7 for each MOS instrum ent and 12 for the PN), 

plus a few housekeeping files. These need to be processed into a single calibrated 

photon event file which can then be used to create images, ra te  curves etc. To do

this there are two tasks tha t need to be run.

epproc

emproc

The first creates an event file for the PN instrum ent and the second creates
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two event files, one for each MOS instrument. In addition, they create an attitude 

history file which is im portant for many other tasks. The photon event files record 

the time, position and energy of each photon incident on the detectors and are the 

basis for all further processing. These tasks also remove hot and flickering pixels 

and columns which would otherwise contaminate the data.

Figure 2.1 shows an image produced by using every event in the PN event file 

for the 3-h field. This example illustrates how heavily contaminated the event file 

is before it is properly filtered.

2.4.2 F iltering the D ata  

Basic Filtering and image Generation

It is possible to create an image directly from the initial event files, however this 

will not produce useful results. Filtering of the event files is essential to obtain 

usable data, and so this is the next step. Non X-ray associated events such as 

cosmic rays create patterns on the detectors th a t look different from the impacting 

of X-rays. These events can be flagged and filtered out easily. On the other hand 

soft protons, produced by the sun and projected towards Earth in solar flares, 

produce patterns that look identical to X-rays, so these events need more careful 

attention.

The first part of the filtering process involves removing all the events th a t do 

not look like X-rays. This is simply a m atter of screening out events from the 

event file tha t have flags indicating a non-X-ray event pattern. The event file is 

left containing only X-rays and soft protons. At this stage it is also prudent to
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Figure 2.1: Unfiltered PN image. The arrangement of the PN CCD chips can be clearly 
seen in this image, which is aligned in R.A and Dec coordinates. The contrast is loga
rithmically scaled.

reduce the number of events in the file by retaining only those with energies in 

a sensible range. In this case I have chosen 0.5 — 10.0 keV, despite the fact that 

the data includes a much broader range of energies (~  0.15 — 15 keV). This is 

mainly because the instruments operate most effectively in the mid-range but it 

also removes some low energy Galactic contamination. The lowest energy is also 

most strongly attenuated by Galactic absorption, so anything below 0.5 keV is
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fairly useless for extra-galactic work.

Figure 2.2 shows the result of this filtering process on the image in figure 2.1. 

Events falling outside of the field of view of the mirror assembly have now been 

removed as have several bad columns of data. This image still contains events 

produced by soft proton impacts however, so the background level is still rather 

high.

Ki *  ’■

Figure 2.2: A partially filtered PN image after removal of most of the non X-ray events. 
The FoV of the mirror module is now apparent with the corners having been ‘clipped 
off’. Only photons in the energy range 0.5 — 10 keV are used to create this image.
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Rem oving Flaring Events

An observation th a t experienced no flaring events will have a fairly low and con

stant count rate throughout the observation. Any flaring event will show up as a 

rapid increase in the count rate to many hundreds of counts per second, and this 

can lead to serious contamination of the data. For the da ta  in this work flaring 

events cause a loss of ~  20% of the to tal observing tim e in the 3-h field and ~  10% 

for the lOhr field. The 14-h field was less affected by flares and so only ~  2% of 

data had to be removed.

To remove flaring events a rate curve is created from the unfiltered event list 

using energies greater than  10 keV. Figure 2.3 shows the rate curve produced for 

the 3-h field for a time bin of 50 s. The la tter part of this exposure was seriously 

contaminated by flaring events where the count rate  soared by a factor of 100.

By inspecting this rate curve a suitable threshold can be chosen, for example 

in figure 2.3 50 is appropriate. Then a ‘good time interval’ (GTI) file is created 

tha t flags all time periods as good if they have a count rate less than  50 i.e. periods 

not contaminated by flares. It can then be used to filter out the high count rate 

periods from the already partially filtered event file.

The final filtered event file should then be free of all non X-ray events and 

will contain only photon events within the specified energy range. All further 

processing can be done using this fully filtered event file. Figure 2.4 shows the 

final result of this filtering. The remaining noise is primarily due to  the quiescent 

internal instrum ent background caused by high energy particles interacting with 

the structure surrounding the detectors. There is also detector noise but this 

is negligible and only becomes im portant at energies below ~  0.5 keV. Due to
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Figure 2.3: Rate curve showing the count rate as a function of time for a section of the 
3-h PN exposure. Flaring events cause a rapid increase in the count rate as soft protons 
flood the detector, resulting in high backgrounds if these events are not screened out.

the small number of photons involved in X-ray observations additional noise is 

introduced by the Poissonian statistics, and ultimately this is the dominant source 

of error in the final measurements.

2.5 Source D etection

Detecting sources in X-ray images can be done in many ways but I use the standard 

method, commonly used for many XM M  surveys. This source detection procedure 

is based around a two stage sliding box method combined with a maximum likeli

hood routine to improve the source parameters and increase the reliability of the 

final source list. This method is compared to other techniques by Valtchanov,
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Figure 2.4: Fully filtered PN image after removal of time periods containing flaring 
events. The background level is now much reduced (c.f. figure 2.2) revealing fainter 
sources.

Pierre, &; Gastaud (2001), and although not the best method for detecting ex

tended sources it is one of the most robust and reliable ways of detecting point 

sources (primarily AGN), and is included in the SAS collection of tasks.
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2.5.1 Energy Bands

Because X-rays are so energetic the CCDs not only measure the time and position 

of an incoming photon, but can also determine its energy in a crude way. Therefore 

it is sometimes convenient to separate the data into more than one energy band. 

Most authors use two or three and I keep to the canonical soft and hard bands 

as 0.5 — 2.0 keV and 2.0 — 10.0 keV respectively. In order to perform the source 

detection two images from each instrument must be created, so six images in total.

The low end 0.5 keV cutoff ensures that X-ray emission from the Galaxy, which 

is greatest below this level, is kept to a minimum. Attenuation of soft X-rays by 

Galactic HI is also more pronounced at energies lower than this cutoff and so this 

too is avoided. The high energy limit of 10 keV is set by the instrument response, 

which decreases rapidly at higher energies, more so for the MOS instruments than 

the PN instrument.

Using two X-ray bands it is possible to define a quantity called the hardness 

ratio, which gives an indication as to the basic spectrum of a source. For this work 

it is defined as:
N ( H ) - N ( S )
N( H)  +  N( S)

where N( H)  and N( S)  are the count rates observed for a source in the hard and 

soft bands respectively, after correction for vignetting. Higher values indicate a 

harder spectrum.
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2.5.2 D etection  Stages

Here I describe each stage involved in the detection procedure. There are many 

stages involved and it is highly labour intensive, bu t it has the advantage th a t 

if anything goes wrong part way through it won’t be necessary to  repeat all the 

previous stages. It is possible to run a chain task th a t will do each of the tasks one 

after the other, but this is less transparent and generates many interm ediate files 

tha t are less easy to control. I find it more reliable to do the tasks individually so 

tha t errors can be traced more easily.

eexpmap

This is run once for each band for each instrum ent. It creates an exposure map for 

each band equal to the relative exposure time th a t each part of the field of view 

experiences. Basically it quantifies the vignetting of the telescopes which is quite

significant towards the edge of the FoV (see figure 2.5).

emask

Run once for each instrument. This produces a map for each instrum ent th a t has 

a value one in the field of view, and zero elsewhere. Gaps between chips also have

value zero, figure 2.6 shows an example.
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Figure 2.5: Exposure map for the 3-h PN exposure in the soft band. The grey scale is 
linear. The vignetting of the mirror assembly reduces the effective exposure time by a 
factor of three or more between the optical axis and the edge of the detector.

eb o x d e tec t (1)

A sliding box source detection algorithm is run on the images which flags any 

region that exceeds a minimum likelihood limit of 10 (equivalent to about 4 a ) 

as a source. The likelihood limit L  is defined such that L = —InP,  where P  

is the probability of finding an excess above the local background (defined using
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Figure 2.6: Detector mask for the 3-h PN exposure. White represents areas containing 
usable data for the source detection procedure.

the pixels immediately surrounding the sliding box) which is not due to a source. 

Essentially this statistic is the user’s control over the signal-to-noise ratio tha t 

defines an acceptable source. Inevitably, selecting a low likelihood limit will cause 

more sources to be detected, but a tradeoff has to be made between sensitivity to 

faint sources and contamination of the source list by spurious detections caused by 

random fluctuations in the background. Typically, for the sliding box tasks, a fairly 

low likelihood is chosen so th a t the later Maximum Likelihood source detection task
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(see below) has many potential sources in its input lists.

The box size is increased for successive passes (the number of which is deter

mined by the user) so tha t regions of different size are all detected at this stage; 

extended sources, like galaxy clusters for example, will not be detected by the 

smallest box size ( 3 x 3  pixels) so larger sizes are required.

This routine can either be run once for each band for each instrument, on 

both bands simultaneously for each instrument or simultaneously on both bands 

of multiple instruments.

esplinemap

Run once for each band for each instrument, this task creates background maps 

corresponding to each of the six input images. It uses the list of flagged regions from 

the previous task to remove all the bright sources from the images and interpolate 

between the gaps to create smoothed background maps. Figure 2.7 shows an 

example.

eboxdetect (2)

This pass is essentially the same as the first sliding box pass but this time it 

employs the background maps from the esplinemap task. Because this background 

map is a far better model for the slowly varying fluctuations than the local one 

(calculated from the pixels surrounding the box), it enables fainter sources to be 

detected and so increases the number of sources passed to the next task.
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♦

Figure 2.7: Background map for the 3-h PN soft band exposure. The grey scale is linear 
and shows the variation of the background across the detector.

em ld e tec t

This task is a maximum likelihood (ML) algorithm designed to improve the relia

bility of the final source list. It takes the source list produced by the second sliding 

box task as an input list and checks each position against a model for the tele

scope Point Spread Function (PSF) at that position. A region is flagged as being 

a source if it exceeds a given threshold probability. In this case I use a higher min

imum detection likelihood of 15 with the aim of minimising the number of possible 

spurious detections, albeit at the expense of slightly less sensitivity. However, the 

final source parameters are derived using data from both bands and all three in

struments simultaneously, which also helps achieve maximum accuracy and further 

helps to minimise spurious detections from any single camera. Using all the avail
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able data also allows fainter sources to be detected that might otherwise be missed 

by a using a single detector. In addition, I turn on the error estimation and source 

extent fitting capabilities of ‘emldetect’ so that each source is fully parametrised. 

This task uses all of the exposure maps and background maps from the previous 

tasks so tha t the vignetting and local background are taken into account when 

calculating the parameters for the individual sources.

2.5.3 Energy Conversion Factors

The three X-ray imaging instruments on XM M  don’t measure flux directly, they 

detect photons, and the different instruments have different sensitivities to photons 

of different energies. In particular the PN instrument was designed to have a 

greater overall sensitivity than the two MOS instruments, especially at the higher 

energy range. Therefore it is necessary to use the correct conversion factor for 

each band and for each instrument to convert the number of detected photons for 

a source into a flux. There are many factors that affect the energy conversion 

factor (ECF): the expected spectrum of a source, the column density of neutral 

hydrogen that the spectrum is attenuated by and thickness of the optical blocking 

filter used for the given instrument. Other factors also play a more minor role but 

these three things are the most important.

Using the web based count rate simulator WebPIMMS, part of the NASA High 

Energy Astrophysics Science Archive Research Centre (HEASARC) web-pages, I 

obtained flux to counts conversion factors for XM M  PN and MOS instruments 

by entering the relevant filter thickness (all thin filter 1 except for the 10-h MOS 

exposure which used the medium filter) and assuming an average source spectrum 

of a power law with a photon index T =  1.7 (see section 2.6). The column density of
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Table 2.1: Summary table for the 3 XMM  fields.

PN ECF MOS ECF
Field R.A. [fk5] Dec. [fk5] nH (cm "2) Soft Hard Soft Hard
3-h 03:02:38.6 +00:07:40 7.16E20 7.241 1.311 2.125 0.4534
14-h 14:17:12.0 +52:24:00 1.30E20 7.484 1.316 2.121 0.4553
10-h 10:00:40.4 +25:14:20 2.76E20 7.421 1.314 2.074 0.4506

galactic neutral hydrogen was also entered using the values from table 2.1 (obtained 

from the HEASARC on-line nH calculator), w ith no additional intrinsic absorption. 

The output values are those used in the source detection tasks and convert the 

counts per second measurement into a flux measurement in units of 10“ 11 erg cm-2 

s-1 (see also table 2.1):

counts per second x 10-11 _9
r  lux  =  ---------------    erg cm s

E C F

The biggest source of error in these conversion factors is the assumed source 

spectrum. Even if a power law is assumed for every source there is a broad spread 

in the photon indices (~  0 — 3) so for any individual source the assumption of 

T =  1.7 is likely to be wrong on some level. However, statistically this choice is 

reasonable and will give fluxes correct to within ~  10% for virtually all the sources.

2.6 N otes on X-ray Spectra

The hardness ratio, mentioned above, is in effect a crude measure of the spectrum 

of a source. Typically the spectrum of an AGN can be simply param etrised by a 

power law with just two free parameters, the normalisation and the photon index. 

The photon index is the slope of the power law and T is the typical symbol used to
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represent it. Quantitatively it gives the number of photons per unit energy range.

d-NE = K E - r
dE

The spectral index on the other hand determines the flux (or intensity in the case 

of the X-ray background, since it is diffuse and not point like) as a function of 

energy, typically represented as a.

S(E)  = K 'E ~ a

One is related to the other through integration, and it can be seen that:

a  =  T  — 1

For example, the X-ray background has a photon index of 1.4 but a spectral 

index of 0.4. This is a downward slope towards higher energies, but the energy 

contained in the background actually increases with energy. This is because the 

background is so flat. To get the energy density in the spectrum we must multiply 

the intensity by the frequency. Since frequency is proportional to energy this makes 

the slope increase by one more i.e.

u lv oc E l~a oc E 2~r

So now the exponent is > 1 and the energy density increases with energy. The 

turnover in the X-ray background occurs at about 30 keV, so this simple approxi

mation is good for the energies detected by X M M .

The importance of this is clear when one considers th a t the XRB is composed
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almost entirely of the integrated emission of AGN throughout the Universe. Many 

X-ray bright AGN have spectra with much steeper slopes than  the XRB (T ~  2), 

indicating th a t these sources contribute less and less to the XRB at progressively 

higher energies. Although these sources dominate the XRB in the soft band they 

constitute a negligible fraction of the background at its peak at ~  30 keV, assuming 

tha t the spectral shape does not change significantly over this range.

2.7 Basic R esu lts

2.7.1 3-h and 14-h F ields

In to tal there are 146 sources detected in the 3-h field and 154 in the 14-h field. 

Most are point sources. Tables 4.2 & 4.3 list the basic properties of the X-ray 

sources, in the two fields. Throughout this work sources labelled with 3.* refer to 

3-h field sources and those labelled with 14.* refer to  sources in the 14-h field.

Figures 2.8 and 2.9 show false colour images of the two m ain fields considered 

in this work, the 3-h and 14-h fields. Lowest energy X-rays are coloured red with 

progressively higher energy X-rays being coloured green and then  blue. Sources 

with hard spectra therefore show up blue in these images and soft sources appear 

red. All the extended sources detected are in the 3-h field and the m ajority are 

concentrated in the diffuse red patch visible in the lower right hand corner of the 

3-h image, surrounding a bright QSO (source 3.1 in table 4.2 & 4.4). This could be 

indicative of a galaxy cluster and if the QSO is part of the cluster then the cluster 

has a redshift of 0.641. Unfortunately because the QSO is so bright it is hard to 

tell if it actually lies within a cluster, or whether the diffuse emission is simply an
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Figure 2.8: False colour X-ray image of the 3-h field. Because each XMM exposure gath
ers data from all the X-ray instruments simultaneously, this image has been constructed 
from data taken by all three primary cameras. The FoV of each camera covers roughly 
the same area of sky but with different CCD chip geometries, so mosaicing of data from 
the three cameras helps to fill in the gaps present in any one array (although not to the 
same depth of course). Soft X-rays are red (0.5 — 1.5 keV), medium are green (1.5 — 3.5 
keV) and hard are blue (3.5 — 10 keV).

effect due to the broadening of the XM M  point spread function towards the edge 

of the map. It is also unfortunate that this particular source lies off the edge of 

the deep optical map I use to identify the X-ray sources, and so an optical cluster 

search of this region is not possible at this time. Digitised Sky Survey images of 

this region do not show any evidence for a galaxy cluster but do show the optical 

counterpart for the QSO.
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Figure 2.9: As figure 2.8 but for the 14-h field.

Figure 2.10 shows the differential source counts versus both soft and hard 

band flux, for all the sources detected in the two fields. These plots clearly demon

strate the effect of incompleteness at lower fluxes where the source counts drop 

off dramatically. This effect begins to become im portant at fluxes of 1.5 and 

6 x 10-15 erg cm-2 s-1 for the soft and hard band sources respectively. Above 

these fluxes we are effectively 100% complete. This is comparable in depth to, for 

example, the HELLAS2XMM survey (Baldi et al., 2002), the early X M M  Lockman 

Hole observations (Hasinger et al., 2001) and serendipitous Chandra observations 

(e.g. Gandhi et ah, 2004), while reaching slightly deeper than  the Serendipitous
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Figure 2.10: Differential source counts for the combined 3-h and 14-h field X-ray sources. 
Incompleteness causes the source counts to turn over at ~  1.5 and ~  6 x 10~15 erg cm-2 
s-1 in the soft and hard bands respectively. Source fluxes are calculated from the source 
detection procedure outlined in the text. Horizontal bars indicate the logarithmic flux 
ranges over which the sources are tinned. Vertical error bars are the square root of the 
number of sources in each bin.

XM M  Survey in the AXIS field (e.g Barcons et al., 2002).
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2 .7 .2  10-h  F ie ld

Since the 10-h field does not have deep optical coverage it is not studied to the 

same degree as the other two fields. However, for completeness figure 2.11 shows 

a false colour image of this field. The most interesting feature in this field is the 

region of faint extended soft emission in the lower left corner. This is a suspected 

galaxy cluster at high redshift or a low luminosity group a t low redshift. Deep 

optical data of this area would resolve this question.

There are 151 X-ray sources detected in this field.
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Figure 2.11: As figure 2.8 but for the 10-h field.
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The X -ray/Sub-m m  R elation

This chapter concerns the analysis of a comparison between X-ray and sub-mm 

data for two regions, one in the 3-h field and one on the 14-h field, dubbed the 

Canada UK Deep Sub-mm Survey (CUDSS) (Webb et ah, 2003a; Eales et ah, 

2000). Results from this work are reported in the first paper to come from my 

PhD (Waskett et ah, 2003).

3.1 Introduction

Recent advances in sub-mm astronomy have allowed rapid progress in our under

standing of the early Universe. This region of the electromagnetic spectrum has 

largely been opened up by the powerful instrumentation tha t has become available 

within the last decade. One of the key instruments in this field has been the sub- 

mm Common User Bolometer Array (SCUBA), operating primarily at 850 //m, 

at the Naysmith focus of the 15m James Clerk Maxwell Telescope (JCMT) on

47
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Mauna Kea in Hawaii. Since its commission, deep surveys with SCUBA (Smail, 

Ivison, & Blain, 1997; Hughes et al., 1998; Barger et al., 1998; Eales et al., 1999) 

have resolved a significant fraction of the recently discovered far-IR and sub-mm 

background (Puget et al., 1996; Fixsen et al., 1998; Hauser et al., 1998), also called 

the Cosmic IR Background (CIRB). The im portance of this becomes clear when 

one considers th a t the to tal integrated energy observed in the CIRB is comparable 

to the to tal integrated energy associated w ith the optical-UV background. Dust 

is very im portant in the interstellar medium as it absorbs optical-UV photons and 

re-radiates far-IR photons, thus affecting our view of the Universe. Since this is 

the mechanism th a t produces most of the CIRB, it is possible th a t half of the 

light ever em itted by stars has been reprocessed by dust. However, there is one 

other mechanism th a t could contribute to  this background light and th a t is the 

absorption, by dust, of the radiation from Active Galactic Nuclei (AGN).

In the standard model of AGN the central black hole is fed by an accretion 

disc (e.g.. Antonucci, 1993). Around this disc lies a torus of heavily obscuring 

material containing large amounts of dust (e.g.. Nenkova, Ivezic, & Elitzur, 2002). 

If viewed close to the axis the AGN may be visible directly, in which case a Quasar 

or a Type-I Seyfert Galaxy is observed, with characteristic broad spectroscopic 

lines. Evidence for the obscuring torus comes from observations of Type-II Seyfert 

Galaxies, which in this model are seen edge-on. type-I emission, which would 

indicate the presence of an AGN, can only be indirectly observed by reflection 

off material above and below the torus. Direct evidence for the torus itself comes 

from its interaction with the nuclear radiation. The AGN heats up the torus which 

produces primarily mid-IR emission, but there will also be sub-mm emission from 

the dust. The process is much the same as in starlight re-processing, but here it is 

mainly UV and X-ray photons th a t are absorbed, and the dust tends to be hotter.
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Models suggest tha t between 5 and 30% of the CIRB might be produced in this 

way (Gunn & Shanks, 1999; Almaini et ah, 1999). Franceschini, Braito, & Fadda 

(2002) argue for the revision of this standard model, and suggest tha t Type-I and 

Type-II AGN are different populations that follow unrelated evolutionary paths, in 

particular at high redshifts. As deeper and more extensive X-ray/mid-IR surveys 

are collated this possibility will be tested more thoroughly, and a more complete 

picture of AGN may emerge.

The Cosmic X-ray Background (XRB) on the other hand contains much less 

energy than the optical or IR backgrounds (~  1/100 th  depending on the defi

nition). W ith the advent of powerful new X-ray telescopes such as Chandra and 

XMM-Newton , it has become possible to resolve most of this background radiation 

into discrete sources (e.g. Rosati et al., 2002; Hasinger et al., 2001). The simplest 

form of the XRB is a power law defined as,

N  =  K E ~ V

where N  is the number of photons per second per cm2 per keV, A" is a normalisation 

constant and T is the photon index. This reaches a peak in energy density at ~  30 

keV, and below this it has a very hard spectrum with a photon index T =  1.4. The 

most completely resolved part is the soft XRB (0.5 — 2 keV), which is dominated 

by unobscured AGN and QSOs but these sources have much steeper (i.e. F > 

1.4) spectral shapes than the XRB and cannot explain the spectrum at harder 

energies. Therefore, a population of more heavily obscured AGN, with flatter 

spectral shapes, is likely to be involved in the production of the hard XRB. The 

resolution of the XRB is less complete at these higher energies, although XMM- 

Newton with its sensitivity up to energies of 10 keV, is making a major contribution 

here. The deepest X-ray surveys with Chandra and XMM-Newton are beginning
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to reveal a population of highly obscured AGN (e.g. Hasinger et al., 2001). An 

obvious possibility is th a t these highly obscured AGN, responsible for the hard 

XRB, are also producing the CIRB.

The most direct way of testing this, of course, is to make X-ray observations 

of the sources revealed by the deep SCUBA surveys. The studies which have so far 

been carried out (Almaini et al., 2003; Fabian et al., 2000; Hornschemeier et al.,

2000) suggest th a t SCUBA sources are not generally X-ray sources.

In this chapter I investigate the sub-m m /X -ray relation for objects in the 3-h 

and 14-h Canada France Redshift Survey fields (Lilly et al., 1995b), for which both 

XM M  and SCUBA da ta  exist.

The composite images shown in this chapter are a result of merging images 

from the PN and two MOS instrum ents together using the SAS task ‘emosaic’. 

This task is only used in this instance to produce a clear image, and is not used for 

further analysis of the data, except for the statistical tests described in section 3.2.2. 

See figs. 3.1 and 3.2.

The m ajority of the work presented in this chapter concentrates on the 3-h 

XM M  field and the corresponding CUDSS region which lies in the centre of the 

XM M  FoV. The 14-h field is also part of CUDSS but the survey region lies towards 

the edge of the X M M  FoV, and the X-ray da ta  are therefore less reliable.

3.2 SC U B A  sources

There are 27 sources detected at 850 fim in the 3-h CUDSS field, spanning a region 

of approximately 9' x 6.4' (Webb et al., 2003a). This lies in the central part of
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Figure 3.1: The central part of the 3-h XMM survey showing the 3-h CUDSS region in 
the soft X-ray band, for clarity. Overlayed are 14" diameter circles at the positions of 
the SCUBA sources. Numbers and positions axe from Webb et al. (2003a).

the XMM-Newton FoV which is roughly circular with a diameter of ~  30'.

The 14-h CUDSS field is approximately 7.7' x 6.4' (Eales et al., 2000) and is 

centred about 8.5' North-East of the XM M  pointing axis. This map contains 23 

sources.

3.2.1 X -ray p rop erties  o f  th e  S C U B A  sources

The first thing to do when comparing sources in the same area but different parts 

of the spectrum is to see if any of them match up. An inexact match-up does 

not necessarily mean that two objects are unassociated, because of the error in
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34:00

33:00

32:00

31:00

52:30:00

29:00

28:00

Figure 3.2: As fig 3.1 but for the North-East part of the 14-h XMM  survey showing 
the 14-h CUDSS region. Numbers and positions are from Eales et al. (2000) and Webb 
et al. (2003b). The pattern of X-ray sources in this plot is mainly due to natural varia
tions in number density across the sky, and the domination of two QSOs near the right 
edge, although the far top left may suffer slightly from the declining sensitivity of XMM  
towards the edge of its FoV.

the positional accuracy of both sets of objects, caused by the finite resolution of 

the instruments involved. For SCUBA the FWHM of the 850 /j,m beam is ~  14", 

whereas for XM M  the on-axis FWHM is ~  6", which increases with larger off-axis 

angles. For the purposes of this work the XM M  PSF can be considered constant, 

and equal to 6", across the area containing the 3-h SCUBA sources, as this is a 

small fraction of the total XM M  FoV. As for the 14-h field, the off-axis angle of 

the CUDSS map means that the XM M  PSF is not so well behaved, and further 

analysis less reliable. However, as an approximation the FWHM has a median 

value of ~  9" across the 14-h CUDSS map.
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The 3-h Field

Of the 27 SCUBA sources in the 3-h field only one (CUDSS 3.10) is possibly 

associated with a region of faint X-ray emission. The flux of this region is below 

the flux limit of the survey, but it appears as a faint patch in the smoothed image, 

fig. 3.1. This region was picked up by an earlier version of the detection software at 

the thresholds used, however after re-analysis with the updated software, which has 

better calibration, this source is no longer detected using the same thresholds. An 

additional degree of uncertainty exists for this region, because it lies on a boundary 

between two PN CCD chips. Source detection near chip edges is less precise than 

in the centre of chips, so this possible associations should be regarded with extreme 

caution.

Given the position of the SCUBA sources the probability th a t there is a chance 

coincidence with an unrelated X-ray source within a distance r is given by Poisso- 

nian statistics as:

P  = 1 — exp(—Trnr2) 

where n is the surface density of X-ray sources.

CUDSS 3.10 lies ~  3.6" from the centre of the region of faint X-ray emission 

(given by the detection with the earlier version of SAS). The surface density of 

X-ray sources at the flux limit of this survey is n = (5.7 ±  0.5) x 10-5 per square 

arc second, thus for this source, which is below the flux limit, P  > 0.0023. A 

deeper exposure of this region would determine if this X-ray region is actually a 

source, and thus a significant association, or just noise.
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The 14-h Field

Figure 3.2 shows the CUDSS 14-h map as viewed in soft X-rays with the SCUBA 

sources overlayed. CUDSS 14.13 is clearly near a significant X-ray source, and 

this is indeed detected by the XMM source detection software. This X-ray source 

has a soft band flux of (6.7 =L 0.51) x 10~15 erg cm-2 s-1 and a hard band flux 

of (2.2 ±  0.25) x 10-14 erg cm-2 s_1, assuming a power law photon index of 1.4. 

The positional offset is 4.8" , and the surface density of X-ray sources brighter than  

the flux of this source is n = (4.5 ±  0.4) x 10-5 per square arc sec. This leads to 

P  =  (3.3 ±  0.2) x 10~3 for this coincidence.

Webb et al. (2003b) discuss this SCUBA source to  some extent. It is identified 

with the optical source CFRS14.1157, which is 1.2" from the position of my X- 

ray detection. This source is also detected in the radio (Eales et al., 2000) and 

by ISO making it an interesting source. It also has a spectroscopically measured 

redshift of 2: =  1.15 (Hammer et al., 1995b). The optical/N IR  colours are very red, 

(I  — K ) ab  = 2.6, consistent with an irregular or spiral galaxy with high extinction, 

and the X-ray hardness ratio is quite high (~  —0.3) implying th a t this is a fairly 

heavily obscured object. HST imaging of this object shows a disturbed morphology 

(Webb et al., 2003b), suggesting the X-ray activity may be related to a possible 

interaction.

By taking the measured redshift for this source, and the X-ray flux in the two 

bands, it is possible to estimate the column density of neutral hydrogen responsible 

for the obscuration of the X-rays. If we assume an intrinsic photon index of T =  2.0 

(Hasinger et al., 2001) then a column density of N H = 3.0 x 1022 cm-2 produces 

the correct X-ray fluxes.
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It is interesting to ask at this point whether, assuming an AGN is responsible 

for the X-ray emission, it can also be responsible for the sub-mm flux measured 

by SCUBA (through the heating of dust). By assuming th a t 3% of the bolometric 

luminosity of an unobscured AGN (optical through to X-ray) is emitted in the 

0.5 — 2 keV band (Page et al., 2001), and correcting for the intrinsic absorption, 

the AGN has a to tal luminosity of (1.0 ±  0.1) x 1038 W.

The far-IR luminosity on the other hand is (2.0 ±  0.6) x 1039 W, assuming a 

single dust tem perature of 40K  and (3 = 1.5. This means th a t the AGN is 20 times 

less luminous and so cannot possibly power the far-IR luminosity on its own. The 

majority of the far-IR luminosity must therefore be powered by star-formation, 

and in-fact Webb et al. (2003b) estimate a star-formation rate of 210 M© Yr-1 

assuming tha t the far-IR luminosity is produced in this way. However, the far-IR 

luminosity is highly model dependent and can be much lower, for example a single 

tem perature dust component of < 20 K gives a far-IR luminosity low enough to be 

equal to the AGN luminosity. Although this model is unlikely in light of the high 

inferred star formation rate which would result in at least some warm dust, and 

this would push up the luminosity greatly. For example, a two dust component 

model with 50 times as much cold dust (15 K) as warm dust (45 K) and (3 = 2 (e.g. 

Dunne &; Eales, 2001) has a far-IR luminosity of (8.6 ±  2.7) x 1038 W, making it 8 

times as luminous as the AGN. Thus, the conclusion tha t this source is dominated 

by star-formation and not an AGN is hard to avoid.

Further evidence for the star-formation activity of AGN host galaxies can be 

found in the 8 m Jy SCUBA survey fields (Ivison et al., 2002). The X-ray detected 

SCUBA sources in these fields (15%) are consistent with obscured AGN, but the 

AGN bolometric luminosities are not sufficient to power the far-IR luminosities, 

unless the X-ray emission is attenuated by Compton thick (N h > 1024 cm-2)
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material. If not, star-formation is likely to be responsible instead.

Page et al. (2001) draw a similar conclusion for high redshift X-ray selected 

sources th a t have a SCUBA detection. For their sample the AGN luminosity and 

far-IR luminosity are more closely matched, being a t most a factor of 4 different 

in favour of the far-IR luminosity. The main differences in this case are th a t the 

AGN in their sample are at higher redshift (z =  1.5 — 3) and are more luminous 

(LAqn >  4.36 x 1012L©) than  CUDSS 14.13. The HI column densities in their 

sample are similar to  CUDSS 14.13.

Whereas Page et al. (2001) target X-ray sources with SCUBA, a reverse study 

whereby bright SCUBA sources are observed with the Chandra X-ray observatory 

was carried out by Bautz et al. (2000). They measure the A G N /far-IR  luminosity 

for two bright, lensed sub-mm sources at high redshift and find th a t the AGN is 

responsible for the m ajority of the far-IR luminosity in one and ~  40% in the 

other, implying th a t some other power source must be responsible for the deficits.

3.2.2 S tatistica l analysis

The fact th a t only one out of 50 SCUBA sources matches an X-ray source does not 

mean th a t the population as a whole is not significantly em itting X-rays. A simple 

way to test this is to coadd the X-ray counts associated with each SCUBA source 

and see if the average X-ray flux of the SCUBA sources is statistically significant. 

I refer to this as the coadding technique.

The CUDSS 3-h map is located in the centre of the X M M  FoV which lies 

entirely in the central CCDs of the two MOS arrays. However, the PN array 

contains many chip boundaries in this region, and several SCUBA sources lie on
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or near one of these boundaries. Therefore, to avoid possible problems caused by 

inconsistencies between sources, the PN data is not used in the analysis.

Due to the 14-h CUDSS map being off-axis in the XM M  survey I consider the 

3-h field to be more useful and accurate for study. However, for consistency, the 

14-h field is analysed in the same way as the 3-h map, but is considered separately 

because of the difficulty in combining the results from the two regions in any 

sensible way. The following description relates to the 3-h field, with differences for 

the 14-h field noted where relevant.

The XM M  optics spread out photons from a point source into several pixels in 

the images (the PSF). Although the pixel at the co-ordinates of the source should 

contain the peak of the emission, neighbouring pixels also contain information from 

the source. This effect is important for faint X-ray sources in particular because 

in some cases there may be no actual photon counts in the pixel corresponding to 

position of the source. Therefore, for analysis of the SCUBA sources in the X-ray 

images, the information from the whole PSF of X M M  needs to be recovered and 

incorporated into the central pixel.

Images were accumulated in each band for the two MOS instruments and 

superimposed, as described at the end of section 2.4. They were then convolved 

with a 2D Gaussian of F W H M  = 6", the FWHM of the on-axis XM M  beam (9" 

for the 14-h field to reflect the larger, off-axis, PSF). This creates a map in which 

the signal in each pixel is the best possible estimate of the X-ray signal at that 

point. By smoothing the image with the X M M  PSF (or a reasonable model for it 

in this case), the information in the central pixel contains all the information from 

the surrounding pixels, weighted according to how likely it is that the photons 

detected in those pixels came from the source. This technique for making the best
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Figure 3.3: Histograms showing the distribution of mean X-ray counts associated with 
each source for 30,000 artificial SCUBA samples in the 3-h field. Vertical lines represent 
the mean counts for the real SCUBA sources. See text for details.
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Figure 3.4: As for figures 3.3(a) &; 3.3(b) but for the 14-h field. This plot highlights the 
higher background in this field compared to the 3-h field, a feature of the survey itself 
rather than the poorer response of the instrument for large off-axis angles.
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estimate of the flux at a given point has been widely used in other wavebands 

(e.g. Phillipps & Davies, 1991; Eales et al., 2000), and is similar to the stacking 

technique used in the analysis of the Chandra Deep Fields (e.g Brandt et al., 2001).

The mean X-ray flux of the 27 SCUBA sources was determined for each energy 

band. To estimate the significance of the values a Monte-Carlo simulation was used. 

30,000 random samples of SCUBA sources were produced at random ly selected 

positions within the CUDSS region, each with 27 sources. The mean X-ray flux for 

each sample was measured in the same way as for the real sample. The distribution 

of these means is shown in figs 3.3(a) and 3.3(b). The number of trial samples for 

which the mean equals or exceeds the observed sample mean is then calculated 

(See figures 3.4(a) and 3.4(b) for the 23 SCUBA sources in the 14-h field). A 

low number of trials exceeding the observation indicates a significantly im portant 

measurement.

Out of 30,000 random trials 2,010 equalled or exceeded the observation (~  

6.7%) for the soft band and 25,800 (~  86.0%) for the hard band (see fig. 3.3(a) 

and 3.3(b)). A more restricted sample was also tested, in case some of the less 

secure SCUBA detections were in fact false. The 9 SCUBA sources with the 

highest flux produced ~  63.3% and ~  62.4% of trials th a t equalled or exceeded the 

observation, for the soft and hard bands respectively. Thus the SCUBA population 

is not detected, and is lost within the unresolved X-ray background. Converting 

the mean counts per SCUBA source into a mean flux gives a 99% upper limit 

estimate of 1.25 x 10~16 erg cm-2 s-1 in the soft band and 6.62 x 10-16 erg cm-2 

s-1 in the hard band, the true values falling below these limits 99% of the time.

As an additional test, to take the accuracy of the SCUBA positions into ac

count, I repeated this test by selecting the brightest X-ray pixel w ithin a search
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radius of 4" of the given SCUBA position, instead of just taking the pixel value 

at tha t position. No significant difference was obtained, as the mean fluxes for 

both the randomly generated samples and the true samples increased by a simi

lar number of X-ray counts, leading to similar significances and mean X-ray flux 

limits.

For the 14-h field 22.7% and 7.4% of trials equalled or exceeded the observa

tion, in the soft and hard bands respectively (see figures 3.4(a) and 3.4(b)). The 

flux limits are less stringent than the 3-h field at 8.0 x 10-16 erg cm-2 s_1 in the 

soft band and 1.3 x 10~15 erg cm-2 s-1 in the hard band. This is likely to be a 

consequence of the 14-h CUDSS region being off-axis in the XM M  survey. The 

vignetting of the telescope increases the flux limit towards the edge of the FoV 

because of the reduced effective exposure time compared to on-axis.

3.3 sub-m m  properties o f X-ray sources

Taking the reverse approach, the sub-mm properties of the 18(16) X-ray sources 

within the 3-h(14-h) SCUBA maps can be determined. The SCUBA maps are 

heavily confused, not only from the positive sources but also the negative side 

lobes produced by the chopping procedure. Therefore, the SCUBA sources not 

associated with X-ray sources are removed from the map, including the side lobes. 

This reduces the confusion from known sources, in order to better test the low level 

emission in the map tha t is unresolved but may still be real, and associated with 

X-ray sources. After this procedure, the weighted mean 850 /im flux of the 3-h X- 

ray population is found to be 0.48 ±0.27 mJy. The 14-h field yields a mean 850 /im 

flux of 0.35 ±  0.28 mJy. These are not significant detections, but are tentatively
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suggestive of dust emission.

These measurements are in contrast to the mean sub-mm flux of 1.69 ±  0.27 

m Jy obtained by Barger et al. (2001) for a sample of 136 X-ray sources selected 

in the 2 — 8 keV band, detected in the Chandra Deep Field North. Although for 

a restricted sample of soft X-ray sources w ith T > 1 they find the mean sub-mm 

flux is much lower at 0.89 ±  0.24 mJy, consistent with my 3 a  upper limits of 0.81 

and 0.84 m Jy for the two fields. This is also consistent with Almaini et al. (2003) 

who measure a noise weighted mean of 0.89 ± 0 .3  m Jy for their X-ray sources. It is 

perhaps not surprising th a t Barger et al. (2001) find many X-ray sources w ith hard 

spectra ( r  <  1), for which they measure a mean sub-mm flux of 1.77 ±  0.21 mJy, 

since their sources are selected in a hard X-ray band. In contrast my sources are 

selected in the soft 0.5—2 keV band as well as the hard 2—10 keV band, and so there 

are many more sources with soft rather than  hard spectra in my surveys. These 

soft sources dominate my sub-mm measurement which could partially explain my 

lower values.

An alternative explanation for the differing mean sub-mm measurements in 

different studies may come from the different methods used in calculating them. 

Not removing SCUBA sources th a t do not coincide with X-ray sources will result 

in higher residual sub-mm measurements than  my method.

The mean soft X-ray flux for the X-ray sources in these two regions are (1.8 ±  

0.1) x 10~15 erg cm-2 s-1 for the 3-h CUDSS map and (7.8 ± 0 .4 ) x 10~15 erg cm-2 

s_1 for the 14-h CUDSS map, measured in the soft band.
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3.4 D iscussion

3.4.1 A G N  Verses Star-form ation

The lack of X-ray/SCUBA coincidences suggests three main possibilities. Either 

the X-ray survey is not deep enough to detect the AGN th a t may exist within 

the SCUBA sources; the AGN are obscured by Compton thick material, leading 

to very little nuclear radiation escaping unhindered (NH > 1024-25 cm "2); or the 

SCUBA sources do not contain AGN.

Redshift information on the X-ray and SCUBA populations lends support to 

the separate population hypothesis. Recent deep X-ray surveys (Hasinger et al., 

2001; Rosati et al., 2002; Mainieri et al., 2002) have determined the redshift dis

tribution for large fractions of their sources. W ith a median redshift of < 1 these 

surveys differ from the AGN synthesis models (Gilli et al., 2001) which predict 

higher peak redshifts of 1.3-2. In contrast the deep SCUBA populations have been 

placed at much higher redshifts, typically 2  ~  2 or greater (Ivison et al., 2002; 

Chapman et al., 2003b), which would naturally explain the small overlap between 

the two observed populations.

Can I be sure tha t SCUBA sources are powered by star-formation and not by 

AGN? The latter is still a possibility, despite the low SCUBA/X-ray coincidence, 

as the AGN may be heavily obscured and as such not visible to this X-ray survey. 

NGC6240, for example, is known to be a starburst galaxy th a t also contains a 

heavily obscured AGN (N h  > 2 x  1024 cm-2) (e.g Iwasawa Sz Comastri, 1998; Lira 

et al., 2002). To compare the SCUBA sources to NGC6240 I use the SED for a 

‘high-reddening’ starburst galaxy taken from Schmitt et al. (1997). This fits the
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Figure 3.5: X-ray to sub-mm flux ratios for the SCUBA sources (3.5(a)) and the X-ray 
sources (3.5(b)). Template SEDs of NGC6240 and a Seyfert 2 Galaxy are plotted for 
comparison. Horizontal lines represent the ratios of the measured mean fluxes for the 3-h 
sub-mm sample (3.5(a)), and the X-ray samples (3.5(b)). The only definite sub-mm/X- 
ray coincidence is plotted in 3.5(b), and is from Eales et al. (2000) with redshift from 
Webb et al. (2003b). The two 3-h SCUBA sources with secure IDs and spectroscopic 
redshifts (Webb et al., 2003a) are plotted in 3.5(a) along with the only other 14-h SCUBA 
source with a secure ID and redshift (Webb et al., 2003b). The low z 3-h sources are 
not representative of the SCUBA population as a whole, which in general lie at higher 
z, and so do not necessarily have the same properties. Their optical counterparts both 
show merger morphology. Source labels are the CUDSS reference numbers.
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measurements for NGC6420 well (Lira et al., 2002). I use this SED as a basic 

template, modified for an X-ray photon index of 1.4 to approximate the broad 

characteristics of NGC6240 (Iwasawa & Comastri, 1998). I calculate the ratio 

between the soft X-ray flux and the 850 (im flux in observed frame as a function 

of redshift, and this is plotted in fig. 3.5. I also plot the X-ray/sub-mm flux ratio 

for a typical Seyfert 2 galaxy with respect to redshift, using a tem plate also taken 

from Schmitt et al. (1997).

The upper limit on the ratio of the mean X-ray to sub-mm flux for the SCUBA 

sample is consistent with the template for NGC6240 as long as the redshifts of the 

SCUBA sources are > 2.3. This is consistent with redshifts measured for many 

SCUBA sources (Ivison et al., 2002; Chapman et al., 2003b), and so I conclude that 

in general it is still possible tha t most SCUBA sources may contain Compton thick 

AGN like NGC6240. Almaini et al. (2003) rule out the possibility th a t SCUBA 

sources are QSOs, unless they are Compton thick and at very high redshift, and 

show that they are consistent with a starburst template at 2: > 2. This is in general 

agreement with my results. The SCUBA sources with secure identifications and 

spectroscopic redshifts (Webb et al., 2003a,b) are also plotted for the two fields.

A similar plot for the X-ray sources is shown in fig. 3.5(b). Note tha t the 14-h 

field has a higher mean X-ray flux because this field is dominated by several bright 

X-ray sources (two are known QSOs, Schade et al., 1996).

In an alternative approach I can calculate the far-IR and AGN luminosities 

of the ensemble of X-ray sources in the 3-h CUDSS map, as I did with CUDSS 

14.13 (section 3.2.1). I use the mean SCUBA flux measurement of 0.48 mJy at 

850 (lm, and assume a column density of 1022 cm-2 to be representative of the X-ray 

sources. For any reasonable far-IR SED the AGN luminosity, from optical through
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to X-ray, never exceeds the far-IR luminosity for redshifts below 2. If I require 

the entire sub-mm flux to be produced by the AGN then the X-ray sources must 

either be modestly absorbed at very high redshifts, or extremely highly absorbed 

and at lower redshifts. This shows th a t in general the bolometric luminosities of 

the X-ray sources in this field are probably dom inated by star-form ation in the 

same way as CUDSS 14.13 is. All of this, however, is highly speculative because 

of the highly model dependent nature of the far-IR luminosity calculation, and the 

marginal (not even 2 a) sub-mm detection.

3.4.2 E xtra-G alactic Background R adiation

The following analysis is based on the 3-h CUDSS region.

The upper limit on the average X-ray flux of the SCUBA sample also allows us 

to place an upper limit on the contribution the SCUBA population makes to the 

XRB. My sub-mm sample constitutes about 20% of the extra-galactic background 

at 850 /im, and so I scale my upper limit by a factor of 5 to  calculate an upper limit 

on the contribution dust sources make to  the XRB (assuming th a t the X-ray/sub- 

mm ratio is not dependent on sub-mm flux). The sample provides a maximum of 

3.3% of the XRB at 0.5—2 keV, and so the population as a whole must contribute no 

more than 16.5% in this band. In the hard band the SCUBA sample contributes an 

upper limit of 6.1% to the XRB and so the population as a whole provides at most 

30.7%. It is clear th a t sub-mm sources do not dominate the X-Ray background 

at low energies, but it remains to be seen if their contribution to  the peak of the 

XRB (~  30 keV) is more significant.

Taking the opposite approach I can estimate the contribution of AGN to the
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850 background. The simplest way is to convert our 3 a upper limit sub- 

mm flux, as measured in section 3.3, of the detected X-ray sources into a smooth 

background by multiplying it by the number density of X-ray sources detected 

by our survey. Comparing this to the intensity of the CIRB at 850 /xm gives an 

estimate of a 2.3% contribution from AGN. Assuming the 3-h field is a typical 

extra galactic region and tha t the X-ray sources are indeed AGN then this is a 

little low compared with theoretical models (e.g. Almaini et al., 1999). My X-ray 

survey, however, only resolves about 32% of the X-ray background in the soft band 

(by summing the contribution of X-ray sources in this small SCUBA map area). 

If I assume tha t the background I have not resolved has the same X-ray/sub-mm 

ratio as my X-ray sample, then 7.2% of the sub-mm background is produced by the 

sources making up the X-ray background. This may be too low because the fainter 

X-ray sources may be more heavily obscured, and the results from the Chandra 

Deep Fields do suggest that the ratio decreases at lower X-ray flux (Barger et al.,

2001). However, I have argued above tha t much of the sub-mm emission from 

X-ray sources is from dust heated by star-formation and not by AGN, and thus 

the estimate above is really an upper limit on the contribution of AGN to the 

sub-mm background. These two arguments work in opposite directions and may 

act to cancel each other out.

The contribution of the SCUBA sources to the X-ray background and of the 

X-ray sources to the sub-mm background strongly suggest the two backgrounds are 

disjoint, with the sub-mm background mostly produced by stellar nucleosynthesis 

and the X-ray background by accretion on to black-holes.
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3.5 Concluding Rem arks

This study adds weight to the growing body of evidence pointing to  the fact th a t 

SCUBA sources may indeed contain active nuclei, but th a t their presence is sec

ondary to starburst activity as a power source for their high far-IR luminosities. 

In some cases it is possible to view the active nucleus directly using current X-ray 

satellites, but there are still many SCUBA sources th a t show no evidence of X-ray 

emission. Higher and higher column densities of HI progressively wipe out X-ray 

emission up to higher energies, and as such are capable of putting  AGN beyond 

detectability by current X-ray detectors sensitive only up to  ~  10 keV. If this is 

the case for the m ajority of SCUBA sources then the scenario outlined above will 

need to be modified, as it is possible for the entire sub-mm luminosity of a SCUBA 

source to be powered by a very powerful but highly obscured AGN, with no need 

for a starburst. How common such highly obscured systems are is likely to  remain 

uncertain until X-ray instrum ents become available with good spatial resolution 

and good sensitivity above 10 keV, in order to detect obscured AGN beyond z = 2, 

where many SCUBA sources are being identified. The deepest current X-ray sur

veys however (Alexander et al., 2003), suggest th a t the low detection rate of X-ray 

emission from SCUBA sources in less deep surveys is more likely to  be due to low 

AGN luminosity rather than  heavy obscuration, which would tend to  support the 

statement at the start of this section.

Star-formation may also be the dominant source of the far-IR bolometric lumi

nosity of galaxies containing relatively bright X-ray emitting AGN. Certainly the 

significant sub-mm measurements of X-ray sources in other studies indicates tha t 

this is the case. Even a modest sub-mm flux equates to a high far-IR luminosity, 

whatever dust SED is assumed.
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I conclude tha t in general the two extra-galactic backgrounds are mainly pro

duced by different processes, with the sub-mm background being predominantly 

produced by dust being heated by starlight, and the X-ray background being dom

inated by accretion onto super-massive black-holes.
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Chapter 4 

X-ray Source Identification

4.1 Introduction

The work in this chapter forms the basis for the second paper to come out of my 

PhD (Waskett et al., 2004). It primarily concerns the identification of the sources 

detected by XM M  with optical objects found in the deep exposures taken as part 

of the Canada-Prance Deep Fields survey (CFDF) (McCracken et al., 2001). This 

is a crucial part of the analysis of the X-ray sources as it reveals the nature of the 

AGN host galaxies, and allows comparison of the X-ray and optical properties of 

those galaxies. It is also useful for separating out contamination by stars, which 

make up a small fraction (5 — 10%) of the detected X-ray sources.

To improve on my understanding of the identification statistics I compare 

the IDs for a subset of the XM M  sources with the IDs obtained using Chandra 

positions for the same sources. Since Chandra has superior positional accuracy 

this subset is used to test the ability of XM M  to reliably identify X-ray sources.

71
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4.2 O ptical Identifications

4.2.1 X M M

After correcting the XM M  astrom etry against known bright QSOs the process of 

identifying the X-ray sources with optical counterparts can be carried out. This 

process is im portant for the procedures in the following sections, especially in 

obtaining the redshift distribution of the AGN.

Both survey fields are coincident with the Canada-France Redshift Survey 

(CFRS) (Hammer et al., 1995a; Lilly et al., 1995a) and the Canada-France Deep 

Fields survey (CFDF) (McCracken et al., 2001). The former covers a 10' x 10' 

section in each field with spectroscopic redshifts for many of the galaxies, while 

the latter covers almost the entirety of both  and reaches 3 magnitudes deeper 

( I a b {3(7,3") ~  25.5) albeit with no spectroscopic follow-up. I therefore use the 

CFDF catalogue as the basis for my identification process and extract CFRS red

shifts as appropriate to  monitor the accuracy of the photom etric redshift deter

mination (see section 4.4). The CFDF data  were taken with the Canada-France- 

Hawaii Telescope using the UH8K mosaic camera in B , V  and / ,  w ith U data  

supplied by either the CTIO (3-h field) or the KPNO (14-h field). Total expo

sure time were typically ~  5 hours for B , V  and / ,  and ~  10 hours for U. The 

lengthy data  reduction process is described in detail in McCracken et al. (2001). 

Of the 146(154) X-ray sources in the 3-h(14-h) fields 115(149) lie within the CFDF 

regions.

To determine the optical identifications of the X-ray sources I have used the 

frequentist approach of Downes et al. (1986). Since XM M  has a positional accuracy
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of ~  2" (this is a worst case situation for large off axis angles; on axis positional 

accuracy is more like 1.5"), only 1% of XM M  sources will have positions which 

are > 6" away from the object that caused the emission. The first step in my ID 

procedure was thus to find all CFDF objects within 6" of the XM M  position. I 

then calculated the following statistic for each object:

S  = 1 — exp(—d2nn(<  m))

where d is the offset between the XM M  position and tha t of the optical object, and 

n(< m) is the surface density of optical objects brighter than the magnitude (m) of 

the possible association. It may appear tha t this statistic gives the probability th a t 

the candidate object is a foreground or background object and is not physically 

related to the XM M . However, S  is not a probability because it doesn’t take into 

account galaxies th a t are fainter than the magnitude of the candidate galaxy, and 

tha t might have had a lower value of S. Therefore this possibility needs to be taken 

into account when deriving the sampling distribution of S. Downes et al. (1986) 

describe an analytic way to do this. The end result is a true probability value, P'. 

Typically a value of P' is several times higher than the equivalent S  value. In all 

but two cases, I chose the CFDF object with the lowest value of P ' as the most 

likely association. In these two exceptions, the galaxy with the lowest value of P' 

was close to 6" away from the XM M  position, and I preferred the candidate with a 

slightly higher value of P' but which was much closer to the XM M  position (these 

two IDs are confirmed by the Chandra X-ray positions, sources 14.15 h  14.50). 

Table 4.1 gives the statistics for my candidate identifications.

A consequence of this method is tha t because fainter objects are more nu

merous, they will have higher P ' values than brighter objects at the same off

set. Therefore, relatively optically faint objects are seldom identified with X-ray
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Table 4.1: Summary of ID statistics for both XMM  fields. P' values given are for the 
best ID where more than one candidate lies within the 6" search radius.

3-h 14-h
P' <  0.05 59 82

0.05 <  P l < 0.1 16 24
0.1 < P ' < 0.2 16 18
0.2 <  P ' <  0.5 13 16

P ' >  0.5 12 8
Blank Field 2 1

Outside CFDF 28 5

sources, unless they are very close to the X-ray position. For example, at the 

optical completeness limit of I ab  — 25.5 an object at an offset of 0.8" will have

P ' = 0.15, which is the same P ' as a 20.6 magnitude object a t 6" offset.

4.2.2 T he Chandra  Training Set

I initially chose a P ' value of 0.1 as being my dividing line between identifications

and objects th a t are likely to be physically unrelated to the X-ray source. The 

number of spurious identifications can be estim ated by simply adding up the values 

of P' for objects with P ' <  0.1. This is ~  2 in the 3-h field and ~  3 in the 14-h 

field. In the two fields, 181 sources have P ' < 0.1, which is 68% of the XM M  

sources for which there are deep CFDF images. The error rate of false associations 

is 5/181 ~  3%.

I was able to refine my identification criteria using the fact th a t part of the 

14-h field has also been surveyed with Chandra (the NE quadrant). The Chandra 

data  are not the focus of this chapter but they are summarised here: The data  

were taken in August 2002 using the ACIS-I instrum ent and were reduced using the 

standard CIAO v2.3 data  reduction software. The to tal good exposure time after
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screening was 158 ks. Source detection was performed using the Cl AO wavdetect 

algorithm (Freeman et al., 2002), run on images in the 0.5 — 8, 0.5 — 2, 2 — 8 

and 4 — 8 keV bands, using a false source probability of 10~7. Full details of the 

Chandra observations are given in Nandra et al. (2004, in preparation).

W ithin the Chandra FoV there are 63 XM M  sources, 55 of which were also 

detected by Chandra within 10" of the XM M  position. I performed a similar 

ID process to th a t employed above using these new positions, and succeeded in 

identifying 51 of the 55 Chandra sources. Two unidentified sources were also 

unidentified in the XM M  analysis, and are essentially blank fields with no CFDF 

objects lying within 6" of either the XM M  or Chandra position (sources 14.54 

Sz 73). Of these 51 sources, 42 had previously been identified by XM M . 40 were 

identified as the same object by both XM M  and Chandra; the remaining 2 had 

different IDs (sources 14.10 Sz 149). However, in one of these 2 cases the Chandra 

ID was the second best XM M  ID (14.149) (the XM M  IDs are listed in tables 4.5 

Sz 4.7). The other 9 sources were securely identified by Chandra but not by XMM, 

so these are considered ‘new’ IDs (sources 14.65, 80, 85, 90, 102, 114, 115, 122, 

129)

Given the expected number of spurious XM M  IDs for the whole 14-h field 

(106 identified sources) is ~  3 I would expect 1-2 spurious IDs in the subsample 

covered by the Chandra FoV. I found 2 IDs that were wrong in this sample and so 

feel confident tha t our estimate of ~  3 spurious XM M  IDs in this field is accurate.

I relaxed the selection criteria for the XM M  ID candidates to see if I could 

find more identifications for the XM M  sources without significantly increasing the 

number of false associations. By increasing the cut-off to  P' < 0.15 a further 5 

XM M  sources within the Chandra FoV are identified. Four of these are judged
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to  be correct (14.85, 90, 102 & 114) given the Chandra ID and one is incorrect 

(14.115). Extrapolating to my entire survey, I estim ate th a t by relaxing my P' 

criterion I gain 22 additional identifications, of which probably ~  5 are inaccurate. 

For the rest of this work IDs with P r < 0.15 are considered secure.

To summarise: with this new P ' threshold I identify 84 out of 115 sources 

in the 3-h field and 119 out of 149 sources in the 14-h field. One extra QSO lies 

outside the 3-h CFDF map but is coincident almost exactly with an X M M  source 

and so is identified as such. An additional QSO lies on a chip boundary in the 3-h 

field and is assumed to  be responsible for the X-ray emission detected to  either side 

of the boundary (sources 3.7 and 19, see table 4.2 and the very top of figure 2.8, 

hereafter referred to as source 7), so in to ta l 86 3-h sources are identified. In the 

14-h field the Chandra positions succeeded in identifying an extra 4 sources (14.65, 

80, 122 & 129), bringing the to tal number of identified sources in this field to 123. 

Out of the XM M  sources within the area of the CFDF, I have identified 75% of 

the sources in the 3-h field and 83% of the sources in the 14-h field. Only a small 

part of the difference between the two fields are the Chandra positions th a t exist 

for some of the 14-h X M M  sources. I expect of my 209 identifications, 10 are 

incorrect.

There are 4 new Chandra IDs and 3 IDs th a t were changed when Chandra 

positions were used rather than  XM M  positions (after increasing the P ' limit to 

0.15). These 7 sources, th a t were not possible to identify using X M M  positional 

data  but which were possible to identify using Chandra positions (sources 14.10, 

65, 80, 115, 122, 129 & 149), give us an insight into the properties of the remaining 

58 unidentified X M M  sources. The X-ray fluxes of the unidentified XMM sources 

cover a large range of fluxes (see figures 4.1 and 4.2), but the median I  magnitude 

of the new IDs is 23.6, cf. the median I  magnitude for the other X M M  IDs is 21.2
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(range: 11.5 to 25.5), nearly 10 times brighter. This is a consequence of the effect 

described at the end of section 4.2.1. Section 4.4 describes the redshift information 

obtained for the IDs and it appears that these Chandra IDs lie, in general, at 

higher redshifts than most of the XM M  IDs, which would partially explain their 

relative optical faintness.

4.3 X-ray to  Optical Flux R atios

A convenient way of discriminating between different classes of X-ray source is the 

ratio between their X-ray and optical flux. Figures 4.1 and 4.2 show the to tal I  

band magnitude (measured using a variable aperture to encompass the total flux 

of each object) versus the X-ray flux for all the identified sources in the 3 Sz 14-h 

fields. The X-ray flux is calculated assuming a photon index T =  1.7. The I  band 

magnitude is related to the flux in this band, / / ,  by log f j  — —O A I a b  — 5.57, where 

f i  has the units erg cm-2 s-1 . Lines of constant X-ray to optical flux are plotted 

for comparison. AGN tend to occupy the space between the l og( f x f f i )  = ±1 lines 

while quiescent galaxies mostly lie below the log(fx / f i )  = —2 line, with a mixture 

in between.

An early use of l og ( f x / f o p t )  as a diagnosis tool comes from the study of X-ray 

sources detected in the Einstein Observatory Extended Medium-Sensitivity Survey 

(Stocke et al., 1991). The original definition uses the 0.3 — 3.5 keV X-ray band and 

the V  optical band, but more recently the R  band has tended to be used for deep 

X-ray surveys and the X-ray bands vary from study to study. To compare my plots 

to those of Stocke et al. (1991) I convert my 0.5 — 10 keV fluxes into 0.5 — 7 keV 

fluxes, by assuming a photon index of 1.7, and I convert my Vab  and I ab band
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Figure 4.1: Soft X-ray to optical flux ratio for all sources detected in both the 3 and 
14-h fields. Lines of constant flux ratio are plotted; solid line - l o g ( f x / f i ) =  0; longer 
dashed lines ±1 and shorter dashed line —2. AGN tend to occupy the region between 
the dashed lines, quiescent galaxies lie mostly below the dotted line while a mixture, 
including starburst galaxies, occupy the region in between. The dotted line at Iab  =  18.5 
shows the saturation limit of the CFDF and so magnitudes brighter than this are likely 
to be underestimated. Solid squares - known QSOs; asterisks - identifications with a 
stellar profile. Unidentified sources, within the optical coverage, are placed at I a b  = 10. 
The sources identified using Chandra positions, including the 3 with alternative Chandra 
IDs, are ringed with larger circles (sources 14.10, 65, 80, 115, 122, 129 & 149, see end of 
tables 4.5 & 4.7).

magnitudes to R  band by using the prescription R  = I  — 0.2(U — I)  (Hornschemeier 

et al., 2001) and the conversions V  = Vab  +  0.044 and I  = I ab  ~  0.309 (since I 

have no direct R  band magnitudes). The optical flux in erg cm -2 s_1 is then 

l°9 I r — —OAR — 5.47, for figure 4.3. This gives me an equivalent plot to  those 

used in McHardy et al. (2003) (see figure 4.3) so th a t a direct comparison can be 

made between our two surveys. The appendix to McHardy et al. (2003) describes 

how their log(fx / f o p t )  plots are equivalent to those of Stocke et al. (1991), so my
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Figure 4.2: As for figure 4.1 but showing the hard X-ray to optical flux ratio.

figure 4.3 should also be close to the original definition. Comparing figures 4.1 

and 4.2 with figure 4.3 shows tha t there is not a great deal of difference in the 

position of the lines of constant l o g ( f x / f o p t ), so distinguishing between different 

classes of X-ray sources using figures 4.1 and 4.2 should be reliable.

Barger et al. (2002, 2003) have plotted similar diagrams for the Chandra- 

Deep Field North survey, an X-ray sample approximately ten times fainter than 

my own. In the Chandra survey the median optical apparent magnitude of X-ray 

sources flattens off at low X-ray fluxes, bringing the majority of sources below the 

AGN region on the l og( f x / f i )  plot. However, at the flux limit of my survey I 

am still predominantly detecting AGN with only a minor contribution from quies

cent galaxies. Additionally, the redshift distribution of my identified sources (see 

section 4.4) places the majority of the AGN in my survey at 2  < 1 which is the pe-
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Figure 4.3: As for figure 4.1 but showing the 0.5-7 keV X-ray to R  band optical flux 
ratio as used in McHardy et al. (2003). Unidentified sources are now plotted at R  = 27.

riod of peak formation of super-massive blackholes w ith low accretion rates (Cowie 

et al., 2003). These two facts mean th a t medium-deep surveys such as mine are 

well placed to study this im portant period of growth for interm ediate luminosity 

AGN, without the need for very deep surveys, which are able to  probe much earlier 

times in the evolution of AGN and study the X-ray properties of more ‘norm al’ 

galaxies.

In figures 4.1 and 4.2, the extra sources identified by Chandra, but not by 

X M M , in the 14-hr field all reside in the higher l og( f x / f i ) regions. This suggests 

th a t they are AGN rather than  starbursts or quiescent galaxies. Given th a t the 

X M M  unidentified sources are in general optically fainter than  the identified ones 

( I a b  > 22, see section 4.2.2 and end of section 4.2.1), and th a t their X-ray fluxes

•  •

......................

•  •
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are similar, this implies that the unidentified X-ray sources are most likely AGN 

too, with high f x / f i  ratios. One interesting point to note is th a t source 14.10 has 

a different Chandra ID to the one given by the XM M  position; it is the Chandra 

ID that is plotted in these figures. However, the Chandra ID is significantly fainter 

than the XM M  ID ( I a b  =  24.4 cf. 19.0) and so this source now has an extreme 

l og( f x / f i )  value of ~  2 (cf. 0.3 for the X M M  ID). I assume here th a t the 

Chandra ID is the correct one but given this extreme flux ratio it is possible 

that XM M  has correctly identified this source, rather than Chandra. However, 

this source could be an example an EXO (Extreme X-ray/Optical ratio source 

Koekemoer et al., 2004), a possible new class of X-ray source, if the Chandra ID 

is the correct one.

In addition to the known QSOs in these fields, 27 of the identifications have 

stellar optical profiles. Figures 4.1 and 4.2 show that most of these lie in the AGN 

part of the diagram, suggesting that they are QSOs rather than stars.

4.4 Photom etric R edshifts

Only a handful of the CFDF IDs have spectroscopic redshifts. Including known 

QSOs outside the CFRS regions there are 13(6) X-ray sources with spectroscopic 

redshifts in the 3-h(14-h) fields. The vast majority of the non-broad-line AGN 

do not have spectroscopic redshifts and so I turn  to photometric techniques to 

estimate redshifts for these.

The optical spectra of broad line AGN (QSOs) are contaminated by light from 

the central engine, and so obtaining photometric redshifts for them is problematic. 

However, Gonzalez Sz Maccarone (2002) have shown th a t for the majority of X-ray
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sources, which are non-broad line AGN, the optical spectrum  is not significantly 

contaminated and so photometric techniques work just as well as they do with 

‘normal’ galaxies. As long as the QSOs can be identified they shouldn’t affect the 

rest of the sample. I therefore only use the estim ated redshifts for the identifications 

which do not have a stellar profile. I use two photom etric redshift estim ation codes 

in this work, a Bayesian tem plate fitting code called BPZ (Benitez, 2000) and a 

code developed specifically for the CFDF (Brodwin et al., 2003), calibrated against 

CFRS spectroscopic data. See section 4.8 for the details and a comparison of the 

two codes.

The photom etry for all the IDs is listed in tables 4.6 & 4.7 and the results 

for both codes are shown in tables 4.4 &; 4.5. Figure 4.4 shows the redshift dis

tribution, as measured by each code, of all the reliable IDs th a t also have reliable 

redshift estimates, with a bin size of A z = 0.2. Reliable photometric redshifts 

are defined here as unsaturated objects th a t have 95% (~  2a) redshift confidence 

limits < 0.4(1 + z) (CFDF code) or P&z > 0.9 (BPZ code), otherwise spectroscopic 

redshifts are used where they exist; in to tal 129(120) estimates are reliable for the 

BPZ (CFDF) code. Despite the differences between the distributions measured by 

the two different codes the overall shape of the distribution is clear, w ith a peak 

at around z — 0.7. In both  distributions nearly 60% of the objects lie in the range 

0.4 <  z < 1. The median redshifts are significantly different however: 0.62 for 

BPZ and 0.79 for the CFDF code. For the rest of this work the CFDF code is 

assumed to be more accurate (see appendix to this chapter) and so all further 

quoted photometric redshifts are those given by this code.

An interesting point to note here is th a t the extra sources identified by Chandra 

and not by XM M  (see end of table 4.5, sources 14.10, 65, 80, 115, 122, 129 & 149) 

lie, in general, at higher redshifts than the m ajority of the X M M  identified sources.
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If all the unidentified sources lie at higher redshifts than all of the other sources, 

then the median redshift of the total increases to 2  ~  1.1.
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Figure 4.4: Redshift distribution of the identified X-ray sources as measured by the two 
different photo-z codes. Where a spectroscopic redshift exists it is used in preference to 
the photometric one in both histograms. All unreliable redshifts are excluded (i.e. those 
indicated with * or s in tables 4.4 Sz 4.5, and saturated objects with Iab  < 18.5). The 
overall shape of this distribution remains unchanged if the less reliable redshift estimates 
are also included; only the normalisation increases.
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4.5 A bsolute M agnitudes - Galaxy T ypes

Figure 4.5 shows the absolute I ab magnitude plotted against redshift. The different 

symbols represent the best fitting template determined for each galaxy by the 

CFDF code, using six band photometry. Although the code uses 15 templates for 

greater accuracy each symbol here represents a small range of templates for clarity.
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In general the two photo-z codes agree reasonably well as to the best fitting galaxy 

type.

The X-ray sources all lie in a band defined at the faint limit by the limiting 

m agnitude of the optical data, and at the bright limit by the saturation magnitude. 

Objects brighter than  this magnitude do not have reliable photometric redshifts 

and so do not appear in this plot. Aside from these selection effects there are 

several other trends apparent here. Apart from QSOs, in general, at lower redshifts, 

the bluer galaxy types occupy the region near the faint limit while progressively 

redder galaxies occur at brighter magnitudes (see figure 4.6). However, this trend 

breaks down at higher redshift where there are fewer sources, and errors in the 

photom etry are likely to be more important. There is no clear domination of one 

galaxy type over any other, indicating th a t AGN have no preference when it comes 

to  the morphology of their host galaxies. Nor is there any apparent preference for 

optical luminosity of the host galaxy, unlike the narrow absolute magnitude range 

preferred by the starburst galaxies detected in fi Jy radio surveys (Chapman et al., 

2003a). X-ray sources occupy the whole optical luminosity range available to them 

in this plot. There are four apparently very luminous ellipticals at 2  > 2.5 (sources 

3.32, 3.90, 3.92 & 14.31) which may be erroneous identifications. The CFDF code 

becomes less reliable above a redshift of 1.3 (Brodwin et al., 2003) and so it is 

possible th a t these sources actually lie a t lower redshifts (in fact the BPZ code 

places three of these sources at z < 1, see tables 4.4 & 4.5, and classifies them as 

spirals; likely a consequence of this code using a magnitude based prior) and so are 

consequently of less extreme luminosity. W ith this in mind, high redshift sources 

should be viewed with some caution, in particular those source within the box in 

figure 4.5, which have luminosities in excess of many of the QSOs.

The extra sources identified by Chandra but not by XM M  in the 14-h field
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Figure 4.5: Absolute I a b  magnitude vs. redshift for the identified sources (148 sources 
after removal of stellar and saturated objects). The horizontal line is the approximate 
position of M j. The first four galaxy types are taken from Coleman et al. (1980), 
although some interpolation is used to create intermediate templates, and the starburst 
symbol represents both the SB3 and SB2 types from Kinney et al. (1996). QSOs have 
been plotted using the best fit template for the K correction, in general the bluest 
starburst. Upper and lower curves are the approximate saturation limit and completeness 
limit of the optical data ( Ia b  — 18 and 24.5 respectively), calculated for an Scd galaxy 
(due to larger K corrections some ellipticals lie above the bright limit for Scd galaxies). 
The objects within the box have extremely high luminosities when compared to the 
majority of the QSOs, which indicates that they may have been given incorrect redshifts.

also cover a wide range in galaxy types. The two higher redshift sources are the 

bluest galaxy types while the two lowest redshift sources are the reddest types. 

Three of the four hug the lower luminosity limit, a consequence of their relative 

optical faintness.

Converting the 0.5 — 10 keV X-ray flux of the identified sources into X-ray 

luminosity gives us figure 4.7. Although the striking correlation here is possibly
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Figure 4.6: Median values for the galaxy types in figure 4.5. The highest z bin includes 
all sources with z > 1.5. The group of Elliptical galaxies at M ~  —30 in figure 4.5 is off 
the vertical scale in this plot. The horizontal line is the approximate position of M f .

dom inated by the same selection effects seen in figure 4.5, it is rather reminiscent of 

the M agorrian relation (Magorrian et al., 1998), with black-hole mass represented 

by X-ray luminosity and bulge mass represented by optical luminosity. W hether 

this correlation is real or not depends on exactly where the optically faint and 

saturated sources lie in this plot. I would expect optically faint sources to fall 

in the lower right part of this plot and the saturated sources to fall in the upper 

left part, effectively smearing out the correlation. However, if the optically faint 

sources are not a t much higher redshifts than the identified sources (contrary to 

my arguments above) then both their X-ray and optical luminosities will be low, 

placing them  amongst the sources plotted here. The very luminous ellipticals, 

mentioned above, also appear in this plot, slightly above the general trend, again

-B-

Sbc/Scd
Scd/lm

SB3/SB2
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suggesting that they have been misclassified (as have, potentially, a group of lower 

luminosity ellipticals, also lying away from the trend).
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Figure 4.7: Absolute Iab magnitude vs. X-ray luminosity calculated from the 0.5 — 10 
keV flux for the same sources as figure 4.5. The X-ray luminosity is K-corrected assuming 
an intrinsic power law slope with photon index T = 1.7.

Plotting these sources in a different way illustrates what type of objects con

tribute to the XRB. For this discussion I assume the XRB to have a spectrum of 

1(E) = 11E-°A keV s-1 cm-2 sr-1 keV-1 (McCammon Sz Sanders, 1990; Fabian 

& Barcons, 1992), although the overall normalisation is still somewhat uncertain. 

Figure 4.8 shows absolute I ab  magnitude vs. X-ray flux with the same symbols as 

in figure 4.5. The 300 sources in this survey (assuming the majority of the ‘stars’ 

are misidentified QSOs) contribute ~  51% to the XRB in the 0.5 — 10 keV range, 

while the 148 sources included in these figures (i.e. the securely identified sources 

with redshift estimates) provide ~  27%. Of this 27%, sources brighter than M f
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contribute 69% while fainter sources contribute 31%. This calculation shows that 

the XRB is not dominated by the most optically luminous galaxies, but tha t a 

significant contribution comes from galaxies with fairly low optical luminosity.
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Figure 4.8: Absolute Iab  magnitude vs. total X-ray flux for the same sources as fig
ure 4.5. The horizontal line is the approximate position of M j.

4.6 C oncluding Rem arks

I have presented source catalogues for a survey, using the XMM-Newton X-ray 

telescope, of ~  0.4 square degrees of sky. I show th a t reliable identifications can 

be obtained for ~  75% of the XM M  sources using XM M  positions alone. Those 

sources th a t cannot be identified using XM M  positions alone are optically fainter 

( I a b  > 22) than  most of the identified ones, and are likely to be AGN at generally
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higher redshifts. I have obtained the following results:

•  The flux ratio f x / f o p t  of the sources in my survey show th a t they are pre

dominantly AGN.

•  The optical properties of the AGN span a large range of absolute magnitudes, 

in contrast to the result found for the starburst galaxies detected in /j Jy radio 

surveys, which tend to have a very narrow range of absolute magnitudes 

(Chapman et al., 2003a).

•  AGN are found in host galaxies spanning the full range of Hubble types, with 

no clear preference.

•  For the identified X-ray sources with good redshifts there is a strong corre

lation between optical and X-ray luminosity, reminiscent of the Magorrian 

relation between black-hole mass and bulge mass. However, this may be due 

to selection effects.

• The redshift distribution of the AGN shows a clear peak at z ~  0.7.

The last result supports other recent studies (Barger et al., 2003) th a t show 

the peak formation of super-massive black holes occurred at relatively recent times 

(z <  1). Medium-deep X-ray surveys such as mine, which resolve a large fraction of 

the XRB but are still dominated by AGN, are able to probe this epoch effectively.

4.7 Catalogue

The following tables make up the full catalogue of X-ray sources. It is split into 3 

sections for each of the two fields in this survey. The first tables for each field (4.2
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& 4.3) contain the positions and fluxes of the X-ray sources as measured by the 

source detection software. The second tables (4.4 & 4.5) have the identification 

information for all of the good ID candidates (P f <  0.15) including the CFDF cat

alogue number, the ID position, the distance between the ID and its corresponding 

X-ray source, P ' value and redshift information. The final tables (4.6 & 4.7) show 

the photom etry for each good ID. The X-ray sources are ordered by to tal number 

of counts detected in the full X-ray band, greatest first. Due to  vignetting this 

order is approximately but not exactly the same as the flux order. Source 23 in 

the 14-h field is detected by SCUBA at 850/xm and is discussed in chapter 3 in 

more detail.



Table 4.2: X-ray properties of the 3-h field XMM  sources. Sources 7 and 19 are in fact the same source split into two due to it lying on a PN chip gap (*).

a Flux in units of 10-15 erg s-1  cm- 2 , based on a photon index of 1.7.
b Hardness ratio given by source detection procedure, one for each X-ray camera. Marked with “?’ if not detected or a bad measurement.
c - =  lies outside CFDF map; e =  extended source (X-ray property); q =  known QSO; s =  object with a stellar profile, from P' <  0.15 list (q and s are
optical properties).

XMM R.A.[fk5] Dec.[fk5] 0.5 -  2 kevQ 2 -  10 kevQ 0.5 -  10 keva PN HR6 M l HRb M2 HRb Notesc
1 45.52820 -0.02260 119.0 dh 2.6 262.9 dr 9.7 382.9 dr 10.1 -0.4 ±  0.0 -0.4 ±  0.0 -0.4 ±  0.0 - q
2 45.78054 0.17228 33.0 dr 1.2 48.6 dr 3.8 81.7 dr 4 -0.6 rfc 0.0 -0.5 ±  0.1 -0.5 ±  0.1 s
3 45.64490 0.01902 23.3 dr 1.0 44.3 db 3.2 67.7 ±  3.4 -0.5 ±  0.0 -0.5 ±  0.1 -0.4 ±  0.1
4 45.51813 0.27387 33.4 ±  1.5 76.3 ±  6.1 109.7 db 6.3 -0.5 rfc 0.1 -0.3 ±  0.1 -0.3 ±  0.1 -
5 45.63815 0.22543 16.5 ±  0.8 30.7 ±  2.7 47.2 dr 2.9 -0.6 ±  0.1 -0.2 ±  0.1 -0.4 ±  0.1 q
6 45.73817 0.26816 22.8 ±  1.2 4.3 ±  2.2 28.2 ±  2.6 -1.0 rfc 0.0 -0.8 ±  0.1 -1.0 ±  0.4
7 45.70564 0.35812 37.1 dr 2.3 85.8 ±  10.1 126.3 ±  10.3 -0.4 ±  0.1 1.0 ±  109.0 ? ±  ? q*
8 45.58501 0.32717 20.6 ±  1.2 31.4 dr 4.2 53.6 ±  4.4 -0.5 ±  0.1 -0.6 db 0.1 -0.6 ±  0.1 s
9 45.65876 0.03438 7.0 ±  0.5 23.0 ±  2.3 30.5 dr 2.4 -0.1 ±  0.1 -0.3 ±  0.1 -0.3 ±  0.1 q
10 45.59179 0.10849 6.4 db 0.5 19.1 ±  2.0 26.1 db 2 -0.2 ±  0.1 -0.5 ±  0.1 -0.1 ±  0.1 q
11 45.60998 0.00856 8.3 ±  0.6 17.2 ±  2.3 25.4 ±  2.4 -0.4 dr 0.1 -0.5 ±  0.2 -0.3 ±  0.1 s
12 45.61876 -0.10009 27.5 ±  2.0 87.8 dr 9.1 116.8 ±  9.4 ? rfc ? 0.0 ±  0.1 -0.3 dr 0.1 -
13 45.53363 0.14027 7.6 db 0.6 17.3 ±  2.2 24.9 ±  2.2 -0.4 rfc 0.1 -0.2 ±  0.1 -0.4 ±  0.1
14 45.83447 0.10128 6.1 ±  0.6 51.2 ±  4.5 57.5 ±  4.5 0.3 ±  0.1 0.2 ±  0.1 0.2 ±  0.1
15 45.68495 0.02951 5.9 ±  0.5 19.1 dr 2.1 25.2 ±  2.1 -0.2 ±  0.1 -0.1 ±  0.1 -0.4 ±  0.1
16 45.54443 -0.02814 11.7 ±  2.0 19.5 ±  14.9 31.5 ±  15.1 -1.0 dr 0.8 -0.3 ±  0.4 -0.3 ±  0.5 e
17 45.63779 0.01183 5.0 ±  0.5 14.9 dr 2.2 20.5 ±  2.2 -0.3 ±  0.2 -0.3 ±  0.1 -0.3 dr 0.1
18 45.51988 -0.00248 9.2 ±  2.1 24.0 ±  10.9 32.4 ±  11.1 -0.4 dr 0.3 -0.1 ±  0.3 -1.0 ±  5.0 - e
19 45.69801 0.35891 19.4 ±  2.3 42.1 dr 12.0 63.7 ±  12.2 -0.5 dr 0.1 -0.7 ±  1.0 ? ±  ? q*
20 45.57067 0.26673 9.0 ±  0.7 12.5 ±  2.6 21.3 ±  2.7 -0.6 ±  0.1 -0.6 ±  0.2 -0.4 dr 0.1
21 45.66192 0.03520 5.0 ±  0.6 15.9 ±  2.5 20.9 rfc 2.6 -0.3 dr 0.1 -0.2 ±  0.2 -0.1 dr 0.3 e
22 45.79076 -0.00691 10.4 ±  0.8 20.7 ±  3.7 31.7 dr 3.8 -0.5 ±  0.1 -0.9 ±  1.1 -0.4 ±  0.1
23 45.52267 0.00226 12.5 dr 2.4 0.0 dr 16.8 13.4 ±  17.1 -1.0 rfc 0.9 -1.0 ±  0.6 -1.0 rh ? - e
24 45.62240 0.11362 1.0 ±  0.3 30.7 ±  2.6 32.5 rfc 2.8 0.8 ±  0.1 1.0 ±  0.9 0.5 ±  0.1
25 45.58659 0.01362 6.3 ±  0.6 14.8 db 2.3 21.1 db 2.4 -0.3 rfc 0.1 -0.4 ±  0.2 -0.4 dr 0.2
26 45.49851 0.19432 8.2 ±  0.7 9.9 dr 2.5 18.3 ±  2.6 -0.7 dr 0.1 -0.3 ±  0.2 -0.6 rb 0.2 -
27 45.56441 -0.05964 5.8 ±  0.7 31.0 dr 4.2 38.2 ±  4.3 0.1 dr 0.1 0.0 ±  0.1 -0.3 ±  0.2 s
28 45.68096 0.08564 3.3 ±  0.3 9.2 ±  1.4 12.5 rfc 1.5 -0.4 rfc 0.1 -0.1 ±  0.2 -0.4 ±  0.1 q
29 45.56972 0.33413 10.7 ±  1.0 19.4 ±  4.4 30.0 ±  4.6 -0.5 ±  0.1 -0.3 ±  0.2 -0.6 dr 0.2
30 45.65081 0.15964 2.6 db 0.3 13.5 ±  1.6 16.3 ±  1.6 -0.1 ±  0.1 0.3 ±  0.2 -0.1 dr 0.1
31 45.52784 0.23256 5.7 ±  0.6 11.5 dr 2.3 17.4 ±  2.4 -0.4 ±  0.1 -0.4 ±  0.1 -0.7 db 0.2 -
32 45.85195 0.16103 6.3 ±  0.7 15.8 dr 3.3 22.0 ±  3.4 -0.5 ±  0.1 -0.1 ±  0.2 -0.2 ±  0.2
33 45.49421 0.00261 5.5 ±  0.7 19.9 ±  3.7 26.0 ±  3.8 -0.2 ±  0.1 0.0 ±  0.2 -0.4 ±  0.2 -

34 45.56161 0.02398 8.4 dr 1.0 22.2 ±  3.2 30.7 ±  3.4 ? ±  ? -0.1 ±  0.1 -0.4 d: 0.1 q
35 45.71698 0.17694 2.8 ±  0.3 7.8 ±  1.4 10.8 db 1.4 -0.3 ±  0.1 -0.4 ±  0.2 -0.3 ±  0.2
36 45.63178 0.18695 2.9 dr 0.3 4.7 db 1.1 7.7 rfc 1.2 -0.3 ±  0.1 -0.3 ±  0.2 -0.8 dr 0.2



Table 4.2: (Continued)

XMM R.A.[fk5] Dec.[fk5] 0.5 -  2 keV 2 -  10 keV 0.5 -  10 keV PN HR M l HR M2 HR Notes

COto

37 45.42586 0.11565 17.2 ±  1.7 24.4 ±  4.9 41.9 rfc 5.2 ? rfc ? -0.6 rfc 0.1 -0.5 ±  0.1 -
38 45.72033 0.13976 1.9 ±  0.2 10.1 ±  1.5 12.0 dr 1.5 0.0 rfc 0.1 0.2 rfc 0.2 -0.1 ±  0.3
39 45.54256 0.05859 3.6 rfc 0.4 7.3 rfc 1.7 11.0 dr 1.8 -0.4 ±  0.1 -0.3 rfc 0.3 -0.7 rfc 0.2
40 45.70438 0.16737 2.2 rfc 0.3 7.7 ±  1.4 9.9 ±  1.5 -0.3 ±  0.2 0.0 ±  0.2 -0.2 ±  0.2
41 45.50220 0.06396 4.1 rfc 0.5 8.9 dr 2.3 13.5 rfc 2.4 -0.5 rfc 0.2 0.0 rfc 0.2 -0.6 ±  0.2 -
42 45.81484 0.18964 3.6 ±  0.5 13.6 ±  2.7 17.2 ±  2.8 -0.4 ±  0.2 0.3 ±  0.2 0.1 rfc 0.2
43 45.66834 0.35188 6.5 rfc 0.8 12.0 dr 4.4 17.8 dr 4.5 -0.5 ±  0.2 -0.9 rfc 1.9 -0.1 rfc 0.4
44 45.44001 0.07892 7.8 ±  1.3 56.3 dr 8.0 64.0 dr 8.1 ? dr ? 0.2 rfc 0.2 0.3 dr 0.1 -
45 45.56227 0.02132 3.5 ±  0.8 6.9 ±  9.1 15.1 ±  9.3 -0.7 rfc 0.3 -1.0 rfc 1.1 -1.0 rfc 6.0
46 45.52792 0.11871 1.7 ±  0.4 15.2 ±  2.8 16.9 ±  2.9 0.2 dr 0.2 0.3 rfc 0.3 0.4 rfc 0.3 - e
47 45.63782 0.15807 1.2 dr 0.2 7.4 dr 1.3 8.7 dr 1.3 0.3 rfc 0.1 -0.5 rfc 0.4 0.3 dr 0.2
48 45.51293 0.18638 3.1 ±  0.4 9.9 ±  2.1 13.0 dr 2.1 -0.4 dr 0.2 -0.1 rfc 0.2 -0.1 rfc 0.3 -
49 45.66427 0.12122 2.6 ±  0.3 1.7 dr 1.7 4.3 rfc 1.8 -1.0 rfc 0.5 -0.7 rfc 0.2 -1.0 rfc 1.3
50 45.62214 0.15656 1.9 ±  0.3 4.8 rfc 1.1 6.7 rfc 1.1 -0.4 rfc 0.2 -0.3 rfc 0.2 -0.4 dr 0.3
51 45.59428 0.04838 1.9 ±  0.3 7.7 rfc 1.4 9.7 rfc 1.5 -0.2 rfc 0.2 -0.2 rfc 0.2 0.0 rfc 0.2
52 45.82856 0.22103 7.8 ±  1.4 14.0 rfc 13.4 24.5 rfc 13.6 -0.6 ±  0.3 -0.7 ±  2.5 -1.0 ±  2.4
53 45.64862 0.33865 7.0 dr 0.9 4.7 ±  5.4 12.5 ±  5.6 -1.0 rfc 0.6 -0.7 rfc 0.3 -0.8 rfc 1.7
54 45.68043 0.12087 1.5 ±  0.2 5.3 dr 1.1 6.7 rfc 1.1 -0.2 dr 0.2 0.1 ±  0.3 -0.3 rfc 0.3
55 45.81259 -0.01701 1.1 dr 0.7 32.8 ±  4.5 33.4 ±  4.6 0.9 rfc 0.5 0.7 rfc 0.2 0.7 rfc 0.2
56 45.82917 0.22354 4.6 rfc 0.8 19.6 ±  4.6 24.7 ±  4.7 0.2 dr 0.3 0.0 dr 0.3 -0.4 rfc 0.2
57 45.64058 0.29293 2.2 ±  0.4 13.0 rfc 2.6 15.4 dr 2.6 0.2 rfc 0.2 -0.4 rfc 0.3 0.1 ±  0.3
58 45.80320 0.18363 4.3 dr 0.8 10.0 dr 3.4 16.6 rfc 3.5 ? ±  ? -0.7 rfc 0.2 -0.2 ±  0.2
59 45.67962 0.01731 1.9 ±  0.3 6.9 ±  1.7 8.8 ±  1.7 -0.1 rfc 0.2 -0.8 rfc 1.8 -0.4 dr 0.3
60 45.52756 -0.00129 3.3 ±  0.7 20.0 ±  4.0 23.5 dr 4.1 ? rfc ? 0.1 rfc 0.2 0.0 dr 0.2 -

61 45.68508 0.06585 1.7 rfc 0.3 3.4 rfc 1.2 5.2 ±  1.2 -0.5 rfc 0.2 -0.2 ±  0.4 -0.5 rfc 0.2
62 45.89454 0.14303 3.5 dr 0.6 16.6 dr 4.3 20.1 dr 4.3 -0.3 dr 0.2 0.3 rfc 0.2 0.3 dr 0.3
63 45.56991 0.29621 2.3 ±  0.5 11.8 ±  3.0 14.2 dr 3 -0.1 rfc 0.2 -0.3 rfc 0.5 0.5 ±  0.2
64 45.72136 -0.03394 2.6 ±  0.4 9.2 dr 2.6 12.0 rfc 2.6 -0.3 rfc 0.2 0.3 rfc 0.3 -0.4 dr 0.3
65 45.56736 0.27904 2.4 ±  0.4 7.5 ±  2.3 10.0 rfc 2.4 -0.5 ±  0.4 -0.3 rfc 0.3 0.0 rfc 0.2 s
66 45.56873 0.16770 0.4 dr 0.2 12.0 dr 1.7 12.4 dr 2 0.7 ±  0.2 0.8 ±  1.6 0.9 rfc 1.7
67 45.63815 0.22279 2.4 ±  0.4 3.3 ±  1.9 5.6 rfc 1.9 -0.6 dr 0.2 -0.4 dr 0.5 -1.0 ±  1.5 s
68 45.65587 -0.08222 6.9 dr 1.1 18.1 rfc 5.1 25.0 rfc 5.3 ? ±  ? -0.3 rfc 0.2 -0.2 rfc 0.2 -
69 45.64630 -0.02311 5.0 rfc 0.7 6.4 dr 2.7 11.5 rfc 2.8 0.4 rfc ? -0.6 rfc 0.2 -0.5 dr 0.2
70 45.54383 0.23489 2.3 ±  0.4 8.7 ±  2.5 11.0 rfc 2.5 -0.4 ±  0.2 -0.8 ±  2.5 0.4 ±  0.3
71 45.72891 -0.09511 8.4 ±  1.5 37.7 dr 10.6 49.0 dr 10.9 ? dr ? -1.0 rfc 2.3 -0.2 rfc 0.2 -
72 45.84670 0.28070 5.6 ±  1.0 28.6 rfc 7.4 34.3 ±  7.5 0.0 rfc 0.2 ? ±  ? ? dr ?
73 45.53562 0.17127 1.8 dr 0.4 6.8 dr 1.7 8.7 rfc 1.8 -0.2 ±  0.2 0.3 ±  0.3 -0.5 dr 0.4
74 45.71404 0.21886 1.7 dr 0.3 4.0 ±  1.6 5.6 rfc 1.6 -0.5 rfc 0.3 -0.6 rfc 3.7 -0.2 dr 0.3
75 45.77694 0.07833 1.8 ±  0.3 6.1 rfc 1.8 8.0 ±  1.8 -0.3 rfc 0.3 -0.3 rfc 0.3 -0.1 rfc 0.2
76 45.57649 0.14474 1.3 rfc 0.2 3.3 ±  1.3 4.9 rfc 1.3 -0.3 dt 0.3 -0.6 ±  0.3 -0.3 rfc 0.3 s
77 45.64066 0.19351 3.4 ±  0.5 3.2 dr 1.4 6.9 rfc 1.5 ? rfc ? -0.7 rfc 0.2 -0.7 rfc 0.1
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Table 4.2: (Continued)

XMM R.A.[fk5] Dec.[fk5] 0.5 -  2 keV 2 -  10 keV 0.5 -  10 keV
78 45.58110 0.00618 0.9 ±  0.3 6.7 ±  1.7 8.3 ±  1.8
79 45.46302 0.00512 6.7 ±  1.1 22.7 ±  8.6 29.5 db 8.7
80 45.61488 -0.06842 2.8 ±  0.5 7.3 ±  4.2 9.8 ±  4.2
81 45.52730 -0.06149 4.9 ±  0.9 22.0 ±  6.0 27.0 ±  6.1
82 45.78333 0.04980 1.9 ±  0.4 6.4 ±  2.1 8.5 ±  2.1
83 45.72353 0.15235 2.1 db 0.4 4.8 db 3.4 7.3 ±  3.5
84 45.55161 -0.02431 2.5 ±  0.5 2.9 ±  3.3 4.5 ±  3.4
85 45.59272 -0.09154 8.4 ±  1.8 50.3 db 12.5 58.7 ±  12.6
86 45.66681 0.33798 3.2 db 0.6 7.9 ±  3.2 10.6 ±  3.4
87 45.69953 0.27041 2.3 ±  0.4 3.3 ±  2.5 6.1 ±  2.6
88 45.68490 0.31344 2.6 ±  0.5 4.7 db 3.4 7.5 db 3.5
89 45.54894 0.02047 1.6 ±  0.3 4.7 ±  2.1 6.8 ±  2.1
90 45.55718 0.12999 1.2 ±  0.3 3.4 ±  1.4 4.4 ±  1.4
91 45.72983 0.17491 0.9 ±  0.2 3.9 ±  1.3 4.9 ±  1.3
92 45.80042 0.10777 1.8 db 0.3 4.3 db 2.1 5.9 ±  2.1
93 45.46568 0.10026 5.0 ±  0.8 5.7 ±  3.2 10.7 ±  3.3
94 45.81926 0.16593 2.1 db 0.4 3.5 ±  1.9 5.6 db 2
95 45.76141 0.06731 1.5 ±  0.3 3.4 ±  1.6 4.8 ±  1.6
96 45.79959 0.11941 1.6 db 0.4 6.4 ±  1.9 8.0 ±  2
97 45.58760 0.09220 1.0 ±  0.2 3.7 ±  1.2 4.7 ±  1.3
98 45.71675 -0.05170 2.1 ±  0.4 4.0 ±  3.3 5.8 ±  3.3
99 45.49924 0.07987 0.8 ±  0.3 9.1 ±  2.3 10.7 ±  2.5
100 45.63690 0.08009 1.0 ±  0.2 3.5 ±  1.5 4.5 ±  1.6
101 45.59565 0.01603 2.3 ±  0.4 2.1 ±  2.0 4.7 db 2
102 45.63462 0.24155 0.5 db 0.3 9.2 ±  1.8 9.5 ±  1.9
103 45.49848 -0.03838 7.4 db 1.6 35.6 ±  9.2 43.1 ±  9.4
104 45.87137 0.21793 1.1 ±  0.5 13.3 db 4.4 14.8 ±  4.4
105 45.47482 0.25960 2.6 ±  0.5 6.1 ±  6.5 7.5 ±  6.6
106 45.79630 0.09120 1.3 ±  0.3 5.3 db 2.0 6.7 ±  2.1
107 45.72928 0.35913 6.6 ±  1.6 34.6 db 11.3 41.2 ±  11.4
108 45.45139 0.13241 5.1 ±  0.9 4.2 ±  4.7 10.3 ±  4.9
109 45.86996 0.28492 5.8 ±  1.2 6.5 ±  6.1 12.3 ±  6.2
110 45.69288 0.02623 1.1 ±  0.2 2.7 ±  1.2 3.8 ±  1.2
111 45.59645 0.17982 0.6 ±  0.3 5.4 ±  1.3 5.8 ±  1.5
112 45.65665 0.00677 1.0 ±  0.3 3.1 ±  1.4 4.2 ±  1.4
113 45.58457 0.23922 1.1 ±  0.3 7.3 ±  2.6 8.6 ±  3
114 45.55483 0.09976 1.3 ±  0.3 1.8 ±  1.9 2.8 ±  1.9
115 45.51752 0.01396 1.5 ±  0.4 3.6 db 3.0 5.4 ±  3.1
116 45.56075 -0.05668 1.1 ±  0.5 13.0 ±  4.4 14.6 db 4.5
117 45.61728 0.03348 0.9 ±  0.2 3.4 ±  1.4 4.4 ±  1.4
118 45.50826 0.24316 2.1 ±  0.5 3.3 ±  3.6 4.5 ±  3.7

PN HR M l HR M2 HR
0.5 ±  0.2 0.0 ±  0.5 -0.6 ±  0.2

? ±  ? -0.1 ±  0.2 -0.8 ±  2.0
-0.3 ±  0.3 -0.8 ±  1.9 -0.9 ±  3.4

? ±  ? 0.1 ±  0.2 -0.2 ±  0.3
-0.4 ±  0.2 0.1 ±  0.5 -0.3 ±  0.3
-0.4 ±  0.3 -1.0 ±  3.0 -1.0 ±  1.7
-1.0 db 1.3 -0.3 ±  0.6 -0.7 ±  1.4

? ±  ? ? ±  ? 0.1 ±  0.2
-0.4 ±  0.3 -0.3 ±  0.4 0.9 ±  5.5
-0.6 db 0.2 -1.0 ±  5.1 -1.0 ±  4.3
-0.5 ±  0.3 -0.2 ±  3.5 -1.0 ±  3.5
-0.5 ±  0.3 -0.4 ±  8.2 -0.1 ±  0.3
-0.3 ±  0.3 -1.0 ±  1.9 -0.1 ±  0.4
-0.2 ±  0.3 0.4 ±  0.3 -0.3 ±  0.4
-0.5 ±  0.2 -1.0 ±  4.6 0.4 ±  0.8

? ±  ? -0.6 ±  0.3 -0.6 ±  0.3
-0.6 ±  0.3 -0.3 ±  0.6 -0.4 ±  0.4
-0.4 ±  0.3 -0.3 ±  0.4 -0.6 ±  2.5
-0.1 ±  0.2 -0.3 ±  0.4 -1.0 ±  53.4
-0.2 ±  0.2 0.0 ±  0.5 1.0 ±  7.2
-0.4 ±  0.4 -1.0 ±  3.0 -1.0 ±  2.7
0.4 ±  0.2 0.4 ±  0.3 0.5 ±  5.4
-1.0 ±  2.1 -0.2 ±  0.5 0.0 ±  0.3
-0.7 ±  0.2 ? ±  ? -1.0 ±  4.1
0.4 ±  0.3 0.7 ±  0.3 1.0 ±  2.3

? ±  ? 0.0 ±  0.2 ? db ?
0.6 ±  0.3 0.0 ±  0.4 0.0 ±  0.4
-0.6 ±  3.2 0.0 ±  0.7 -0.6 ±  6.5
-0.2 ±  0.3 -1.0 ±  9.5 -0.1 ±  0.4
0.0 ±  0.2 ? ±  ? ? ±  ?

? ±  ? -0.9 ±  2.3 -0.7 ±  0.3
-0.7 ±  0.3 ? ±  ? ? ±  ?
-0.4 ±  0.3 -0.1 ±  0.5 -0.5 ±  0.4
0.2 ±  0.3 0.6 ±  4.3 1.0 ±  3.1
-0.5 ±  0.3 0.2 ±  0.5 -0.1 ±  0.5
-0.6 ±  3.8 0.6 ±  2.7 -0.3 ±  0.3
-0.8 ±  1.8 -0.4 ±  0.5 -0.7 ±  7.5
-0.2 ±  0.5 -0.7 ±  0.5 -1.0 ±  4.8
-0.5 ±  4.0 0.2 ±  0.5 0.3 ±  0.3
-0.3 ±  0.3 -1.0 db 5.9 0.0 ±  0.3
-1.0 ±  1.4 -0.1 ±  0.7 -1.0 ±  6.2
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Table 4.2: (Continued)

XMM R.A.[fk5] Dec.[fk5] 0.5 -  2 keV 2 - 1 0  keV 0.5 -  10 keV
119 45.80754 0.16748 1.5 ±  0.4 7.4 ±  2.9 9.1 ±  3
120 45.60580 0.20410 0.6 ±  0.2 4.3 ±  1.3 5.1 ±  1.3
121 45.79758 0.02470 1.9 ±  0.9 9.0 ±  2.4 10.8 ±  3.2
122 45.67800 -0.08221 3.7 ±  0.9 7.6 ±  4.2 11.8 ±  4.3
123 45.72555 -0.09968 4.9 ±  1.1 18.8 ±  8.8 22.4 ±  9
124 45.55270 0.24894 1.1 ±  0.3 10.1 ±  4.3 11.8 ±  4.4
125 45.82172 0.20595 1.5 ±  0.4 4.0 ±  2.7 5.5 ±  2.7
126 45.52680 0.08989 1.1 ±  0.3 3.8 ±  2.4 4.8 ±  2.5
127 45.65018 0.01281 1.0 ±  0.3 3.0 ±  1.6 3.7 ±  1.8
128 45.56355 0.13039 0.7 ±  0.2 4.6 ±  1.6 4.6 ±  1.8
129 45.57510 -0.06320 1.2 ±  0.4 9.3 ±  5.1 10.3 ±  5.2
130 45.68849 0.16774 1.1 ±  0.3 3.5 ±  1.6 4.7 ±  1.6
131 45.82766 0.21335 2.3 ±  0.6 4.8 ±  6.2 7.6 ±  6.3
132 45.64452 0.08960 0.6 ±  0.4 3.8 ±  1.0 4.1 ±  1.2
133 45.49471 0.03947 0.9 ±  0.4 7.6 ±  3.0 9.8 ±  3.7
134 45.58854 0.21877 1.0 ±  0.3 3.4 ±  1.8 3.6 ±  2
135 45.76509 0.05516 2.4 ±  0.8 0.5 ±  11.5 5.1 ±  11.5
136 45.63073 0.01617 0.6 ±  0.2 3.9 ±  2.0 4.9 ±  2
137 45.49974 0.06919 1.7 ±  0.5 0.5 ±  8.5 1.9 ±  8.7
138 45.54203 0.10093 1.0 ±  0.2 1.7 ±  1.3 2.9 ±  1.3
139 45.70756 0.10411 0.8 ±  0.2 3.5 ±  2.3 3.2 ±  3.8
140 45.70387 0.22224 0.8 ±  0.3 3.4 ±  1.4 4.2 ±  1.6
141 45.87826 0.11130 2.4 ±  0.5 0.0 ±  10.5 2.4 ±  10.5
142 45.76965 0.00813 1.3 ±  0.3 2.8 ±  2.3 4.1 ±  2.3
143 45.71021 0.09775 0.7 ±  0.2 0.1 ±  4.7 0.9 ±  4.7
144 45.55071 0.18796 0.9 ±  0.3 3.7 ±  2.6 4.5 ±  2.7
145 45.68469 0.18870 1.2 ±  0.3 2.1 ±  1.9 3.4 ±  1.9
146 45.63841 0.04271 1.8 ±  0.5 2.1 ±  1.6 2.1 ±  2.1

to4̂
PN HR M l HR M2 HR

-1.0 ±  1.9 -0.2 ±  0.4 0.3 ±  0.3
0.3 ±  0.3 -0.3 ±  0.4 0.3 ±  0.4
0.9 ±  5.2 1.0 ±  3.0 0.1 ±  0.3

? ±  ? -0.6 ±  0.3 -0.1 ±  0.4
? ±  ? 0.0 ±  0.3 -0.8 ±  6.2

-0.7 ±  6.6 0.2 ±  0.3 -0.7 ±  3.2
-0.4 ±  0.4 -0.1 ±  0.5 -0.3 ±  8.1
-0.1 ±  0.4 -1.0 ±  4.4 -1.0 ±  3.7
-0.3 ±  0.4 -0.7 ±  2.9 0.5 ±  8.5
-0.1 ±  0.3 1.0 ±  8.4 -0.3 ±  6.7
-1.0 ±  8.4 -0.9 ±  3.4 0.4 ±  0.4

? ±  ? -0.2 ±  0.4 -0.3 ±  0.3
-0.5 ±  0.5 -0.7 ±  2.8 -0.9 ±  7.3
0.8 ±  1.9 0.1 ±  0.4 1.0 ±  5.1
-0.7 ±  5.7 0.4 ±  3.5 0.7 ±  0.3
-1.0 ±  1.6 0.9 ±  4.0 0.1 ±  0.7
1.0 ±  8.1 -1.0 ±  0.8 ? ±  ?

-0.6 ±  4.4 0.5 ±  0.5 -0.4 ±  0.4
-0.8 ±  1.8 -1.0 ±  20.7 -1.0 ±  7.7
-0.7 ±  0.3 -1.0 ±  21.4 -0.1 ±  0.6
-0.7 ±  2.9 0.5 ±  5.3 -1.0 ±  9.7
-0.1 ±  0.3 1.0 ±  11.4 0.7 ±  6.1
-1.0 ±  1.6 -1.0 ±  10.1 -1.0 ±  23.6
-0.4 ±  0.3 -1.0 ±  7.4 1.0 ±  9.6
-1.0 ±  2.5 0.0 ±  8.6 -1.0 ±  3.2
-1.0 ±  2.7 -1.0 ±  7.0 0.0 ±  0.5

? db ? -0.5 ±  0.3 -1.0 ±  3.0
1.0 ±  7.4 -0.8 ±  3.7 ? ±  ?
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Table 4.3: X-ray properties of the 14-h field XMM  sources.

° Flux in units of 10-15 erg s_1 cm- 2 , based on a photon index of 1.7.
b Hardness ratio given by source detection procedure, one for each X-ray camera. Marked with ‘?’ if not detected or a bad measurement. 
c - =  lies outside CFDF map; c =  lies within Chandra map; d =  detected by Chandra (c and d are X-ray properties); q =  known QSO; s =  object with 
a stellar profile, from P' <  0.15 list (q and s are optical properties).

CMM R.A.[fk5] Dec.[fk5] 0.5 — 2 kev“ 2 — 10 keva 0.5 — 10 keva PN HRb M l HRb M2 HRb Notes'
1 214.2072 52.42472 34.6 ±  0.9 71.4 ±  3.1 106.0 ±  3.2 -0.5 ±  0.0 -0.4 ±  0.0 -0.4 ±  0.0 c d
2 214.4009 52.50781 42.2 ±  1.2 73.4 ±  4.0 115.9 ±  4.1 -0.5 ±  0.0 -0.5 ±  0.0 -0.5 ±  0.0 c d q
3 214.1816 52.24290 49.9 ±  1.5 94.2 ±  5.3 144.3 ±  5.5 -0.5 ±  0.0 -0.4 ±  0.1 -0.4 ±  0.1
4 214.3536 52.50655 29.3 ±  1.0 53.2 ±  3.5 82.6 ±  3.7 -0.5 ±  0.0 -0.4 ±  0.1 -0.5 ±  0.1 c d q
5 214.0966 52.32077 25.5 ±  1.0 54.6 ±  3.6 80.1 ±  3.8 -0.4 ±  0.0 -0.3 ±  0.1 -0.4 ±  0.1
6 214.4645 52.38579 19.3 ±  0.8 33.7 ±  2.7 53.1 ±  2.8 -0.5 ±  0.0 -0.4 ±  0.1 -0.5 ±  0.1 c d
7 214.2442 52.20099 31.7 ±  1.3 51.6 ±  4.8 83.8 ±  5.0 -0.6 ±  0.0 -0.4 ±  0.1 -0.5 ±  0.1
8 214.2543 52.32128 16.7 ±  0.7 13.8 ±  1.7 30.6 ±  1.8 -0.8 ±  0.0 -0.6 ±  0.1 -0.7 ±  0.1 c d
9 214.2152 52.34575 12.6 ±  0.6 21.1 ±  2.0 33.9 dh 2.1 -0.6 ±  0.1 -0.5 ±  0.1 -0.4 ±  0.1 c d
10 214.6612 52.39937 33.3 ±  1.5 36.8 ±  5.0 70.4 ± 5 . 2 -0.7 ±  0.1 -0.6 ±  0.1 -0.6 ±  0.1 c d
11 214.3964 52.46897 20.0 ±  1.0 29.7 ±  3.0 49.6 ±  3.1 -0.6 ±  0.1 -0.5 ±  0.1 -0.5 ±  0.1 c d s
12 214.5097 52.30940 19.0 ±  1.0 40.7 ±  4.0 60.2 ±  4.1 -0.4 ±  0.1 -0.3 ±  0.1 -0.5 ±  0.1
13 214.1781 52.30314 10.5 ±  0.6 38.5 ±  2.9 49.1 ±  2.9 -0.2 ±  0.1 -0.2 ±  0.1 -0.1 ±  0.1 s
14 214.6272 52.36948 22.6 ±  1.1 43.6 ±  4.9 66.4 ±  5.1 -0.5 ±  0.1 -0.5 ±  0.1 -0.4 ±  0.1 c d
15 214.2042 52.43273 13.5 ±  0.8 21.6 ±  2.4 35.9 ±  2.5 -0.6 ±  0.1 -0.5 ±  0.1 -0.6 ±  0.1 c d s
16 214.3412 52.30776 8.8 ±  0.6 26.4 ±  2.3 35.4 ±  2.3 -0.3 ±  0.1 -0.2 ±  0.1 -0.3 ±  0.1 s
17 214.3007 52.33627 8.2 ±  0.5 19.2 ±  1.8 27.4 ±  1.9 -0.4 ±  0.1 -0.4 ±  0.1 -0.3 ±  0.1 c d
18 214.1757 52.52828 12.3 ±  0.7 26.6 ±  3.0 39.1 ±  3.1 -0.4 ±  0.1 -0.5 ±  0.1 -0.4 ±  0.1 c d
19 214.2232 52.35119 6.9 ±  0.5 14.2 ±  1.8 21.2 ±  1.9 -0.4 ±  0.1 -0.5 ±  0.1 -0.4 ±  0.1 c d
20 214.2950 52.47458 7.3 ±  0.5 10.0 ±  1.6 17.4 ±  1.6 -0.6 ±  0.1 -0.5 ±  0.1 -0.6 ±  0.1 c d
21 214.3224 52.29719 8.5 ±  0.6 11.0 ±  1.8 19.5 ±  1.8 -0.7 ±  0.1 -0.5 ±  0.1 -0.4 ±  0.1
22 214.2686 52.36073 2.2 ±  0.3 29.6 ±  2.2 31.9 ±  2.2 0.5 ±  0.1 0.3 ±  0.1 0.5 ±  0.1 c d
23 214.4251 52.47281 6.5 ±  0.5 20.9 ±  2.3 27.5 ±  2.4 -0.3 ±  0.1 -0.3 ±  0.1 0.0 ±  0.1 c d
24 214.4132 52.39201 6.2 ±  0.4 12.2 ±  1.6 18.6 ±  1.7 -0.4 ±  0.1 -0.6 ±  0.1 -0.4 ±  0.1 c d s
25 214.2133 52.25739 9.9 ±  0.7 16.2 ±  2.5 26.2 ±  2.6 -0.6 ±  0.1 -0.4 ±  0.1 -0.5 ±  0.2
26 214.0970 52.20381 31.8 ±  2.3 40.1 ±  6.9 72.4 ±  7.4 ? ±  ? -0.4 ±  0.1 -0.7 ±  0.1 s
27 214.1846 52.37168 4.9 ±  0.4 11.3 ±  1.6 16.3 ±  1.6 -0.4 ±  0.1 -0.6 ±  0.1 0.0 ±  0.1
28 214.3487 52.53102 8.4 ±  0.6 10.2 ±  2.1 18.7 ±  2.2 -0.7 ±  0.1 -0.5 ±  0.1 -0.7 ±  0.1 c d
29 214.3138 52.38644 4.5 ±  0.4 9.1 ±  1.3 13.7 ±  1.3 -0.5 ±  0.1 -0.3 ±  0.1 -0.5 ±  0.1 c d
30 214.2921 52.31357 6.6 ±  0.5 8.3 ±  1.4 14.9 ±  1.5 -0.7 ±  0.1 -0.4 ±  0.1 -0.6 ±  0.1
31 214.1451 52.37693 4.8 ±  0.4 11.2 ±  1.5 16.3 ±  1.6 -0.4 ±  0.1 -0.1 ±  0.2 -0.5 ±  0.1
32 214.1376 52.31719 1.3 ±  0.3 36.4 ±  2.9 37.8 ±  3.0 0.7 ±  0.1 0.6 ±  0.1 0.7 ±  0.1
33 214.5687 52.49419 9.4 ±  0.8 16.0 ±  3.1 25.7 ±  3.2 -0.6 ±  0.1 -0.5 ±  0.1 -0.5 ±  0.2 c d q
34 214.3021 52.28148 5.4 ±  0.5 11.4 ±  1.8 16.8 ±  1.8 -0.5 ±  0.1 -0.5 ±  0.2 -0.3 ±  0.1
35 214.1901 52.48455 5.4 ±  0.4 6.6 ±  1.5 12.0 ±  1.6 -0.7 ±  0.1 -0.7 ±  0.2 -0.5 ±  0.1 c d s
36 214.0283 52.41636 4.1 ±  0.5 20.5 ±  2.8 24.9 ±  2.8 -0.1 ±  0.2 0.0 ±  0.1 0.0 ±  0.1



Table 4.3: (Continued)

XMM R.A.[fk5] Dec.[fk5] 0.5 -  2 keV 2 - 1 0  keV 0.5 -  10 keV
37 214.1596 52.38541 4.6 ±  0.4 4.9 db 1.2 9.4 ±  1.3
38 214.3767 52.20776 8.5 ±  0.8 14.6 ±  3.2 23.8 ±  3.3
39 214.1210 52.56232 7.1 ±  0.6 13.0 ±  2.6 20.2 ±  2.7
40 214.6051 52.39169 5.9 ±  0.8 35.6 ±  5.2 43.0 ±  5.2
41 214.3783 52.17146 10.9 ±  1.2 21.2 ±  5.4 33.4 ±  5.6
42 214.1796 52.42409 3.1 ±  0.3 6.4 ±  1.3 9.8 ±  1.4
43 214.1184 52.45146 5.4 ±  0.8 16.2 ±  4.1 22.6 ±  4.2
44 214.2426 52.24067 1.7 ±  0.3 26.8 ±  3.1 29.0 ±  3.2
45 214.4047 52.40778 2.8 ±  0.3 6.2 ±  1.3 9.2 ±  1.3
46 214.7010 52.41818 14.4 ±  1.6 24.4 ±  6.9 38.7 ±  7.0
47 214.2253 52.34484 3.2 ±  0.4 2.5 ±  1.6 5.8 db 1.6
48 214.3763 52.46309 2.5 ±  0.3 6.3 ±  1.4 9.0 db 1.4
49 214.6377 52.39623 6.1 ±  0.7 8.4 ±  3.5 15.7 ±  3.6
50 214.4414 52.46650 3.1 ±  0.4 6.2 ±  1.7 9.4 ±  1.8
51 214.1987 52.18685 13.7 ±  1.6 19.9 ±  5.7 33.8 ±  5.9
52 214.5115 52.58648 5.8 ±  0.7 14.7 ±  5.1 20.6 ±  5.2
53 214.3874 52.53400 3.3 ±  0.4 7.5 ±  2.0 10.7 ±  2.1
54 214.2447 52.40347 1.4 ±  0.2 5.5 ±  1.2 7.0 ±  1.2
55 214.2692 52.41403 0.6 ±  0.2 10.1 ±  1.3 10.6 ±  1.4
56 214.2114 52.27627 0.7 ±  0.3 15.2 ±  2.2 15.1 ±  2.4
57 214.3476 52.25335 2.7 ±  0.4 6.9 ±  2.1 9.7 ±  2.1
58 214.2969 52.42765 2.9 ±  0.4 0.0 ±  3.0 2.9 ±  3.1
59 214.4426 52.50866 1.2 ±  0.3 12.4 ±  2.3 13.6 ±  2.3
60 214.1415 52.24977 2.4 ±  0.4 12.4 ±  3.0 15.2 ±  3.1
61 214.1315 52.46085 1.4 ±  0.3 9.1 ±  1.8 10.5 ±  1.8
62 214.2114 52.60877 5.1 ±  0.8 11.6 ±  4.3 17.2 ±  4.4
63 214.1824 52.48355 2.0 ±  0.4 4.6 ±  1.7 6.8 ±  1.8
64 214.1698 52.37279 1.7 ±  0.3 3.0 ±  1.2 4.7 ±  1.2
65 214.5303 52.42288 1.8 ±  0.3 10.9 ±  2.4 12.7 ±  2.4
66 214.4933 52.36419 2.3 ±  0.4 4.8 ±  1.8 7.5 ±  1.9
67 214.0590 52.37618 1.7 ±  0.3 9.2 ±  2.0 11.1 ±  2.1
68 214.0411 52.45896 2.8 ±  0.4 4.8 ±  2.5 7.7 ±  2.6
69 214.1246 52.39181 0.6 ±  0.2 10.0 ±  1.7 10.7 ±  1.7
70 214.1510 52.32015 1.7 ±  0.3 5.1 ±  1.8 6.9 ±  1.8
71 214.4264 52.28511 2.0 ±  0.3 8.4 ±  2.8 11.3 ±  2.8
72 214.1611 52.47949 1.4 ±  0.3 5.4 ±  1.5 6.9 ±  1.5
73 214.1836 52.50285 1.9 ±  0.3 3.8 ±  1.6 5.5 ±  1.7
74 214.0459 52.27223 2.5 ±  0.5 13.2 ±  4.1 15.6 ±  4.1
75 214.4716 52.29089 2.3 db 0.4 8.5 ±  3.3 10.2 ±  3.3
76 214.4302 52.22506 3.0 ±  0.5 5.6 ±  3.2 8.7 ±  3.2
77 214.1063 52.47881 1.7 ±  0.3 7.8 ±  2.7 9.8 ±  2.7

to
PN HR M l HR M2 HR Notes

-0.8 db 0.1 -0.4 ±  0.2 -0.5 ±  0.1
-0.5 ±  0.1 -0.2 ±  0.2 -0.7 ±  0.2
-0.6 ±  0.1 -0.5 ±  0.2 -0.1 ±  0.1
0.2 ±  0.2 -0.1 ±  0.2 -0.1 ±  0.2 c d
-0.4 ±  0.1 ? ±  ? -0.6 ±  0.2 _
-0.7 ±  0.1 0.0 ±  0.2 -0.3 ±  0.2 s
-0.5 ±  6.5 -0.2 ±  0.2 -0.4 ±  0.2
0.5 ±  0.1 0.2 ±  0.2 0.5 ±  0.2
-0.3 ±  0.1 -0.5 ±  0.2 -0.6 ±  0.3 c d
-0.5 ±  0.1 ? ±  ? ? ±  ? -
-0.8 ±  0.1 -0.8 ±  2.6 -1.0 ±  1.2 c
-0.4 ±  0.2 -0.1 ±  0.2 -0.5 ±  0.2 c d
-0.7 ±  0.1 -0.8 ±  5.8 -0.5 ±  0.3 c d s
-0.4 ±  0.2 -0.6 ±  0.3 -0.4 ±  0.3 c d

? ±  ? -0.5 ±  0.2 -0.6 ±  0.1 s
-0.4 ±  0.2 -0.4 ±  0.4 -0.7 ±  1.8 c d s
-0.4 ±  0.2 -0.4 ±  0.3 -0.4 ±  0.4 c d
-0.2 ±  0.2 0.0 ±  0.3 -0.2 ±  0.2 c d
0.4 ±  0.2 0.6 ±  0.2 1.0 ±  1.6 c d
0.6 ±  0.2 0.4 ±  0.4 0.9 ±  1.6
-0.4 ±  0.2 -0.2 ±  0.2 -0.5 ±  0.4 s
-1.0 ±  0.5 -1.0 ±  0.9 -1.0 ±  1.5 c d
0.2 ±  0.2 0.6 ±  0.2 0.5 ±  0.2 c d
-0.2 ±  0.2 -0.4 ±  5.5 0.1 ±  0.3
-0.2 ±  0.3 0.1 ±  0.3 0.5 ±  0.2
-0.3 ±  0.2 -1.0 ±  2.6 -0.5 ±  0.3
-0.4 ±  0.2 -0.6 ±  0.3 -0.3 ±  0.4 c
-0.5 ±  0.2 -0.5 ±  0.3 -0.4 ±  0.3
0.0 ±  0.2 -1.0 ±  4.7 0.2 ±  0.2 c d
-0.5 ±  0.2 -0.7 ±  3.4 -0.6 ±  0.3 c d
-0.2 ±  0.2 0.4 ±  0.3 -0.3 ±  3.7
-0.8 ±  3.0 -0.5 ±  0.3 -0.4 ±  0.3
0.6 ±  0.2 0.5 ±  0.3 0.4 ±  0.3
-0.5 ±  0.2 -0.8 ±  4.9 0.3 ±  0.5
-0.9 ±  1.6 -0.3 ±  0.3 -0.1 ±  0.3
-0.1 ±  0.3 -0.1 ±  0.3 -0.3 ±  0.3
-0.4 ±  0.3 -0.4 ±  0.3 -0.7 ±  1.7 c d
0.0 ±  0.2 -0.7 ±  5.1 -1.0 ±  3.2
-1.0 ±  1.4 0.0 ±  0.4 0.2 ±  0.3
-0.7 ±  0.3 -0.6 ±  6.4 0.1 ±  0.3
-0.2 ±  0.2 -0.6 ±  2.5 -0.7 ±  7.2
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Table 4.3: (Continued)

XMM R.A.[fk5] Dec.[fk5] 0.5 -  2 keV 2 -  10 keV 0.5 -  10 keV
78 214.1596 52.44893 1.5 ±  0.3 3.8 ±  1.3 5.3 dr 1.3
79 214.2379 52.25723 2.3 rfc 0.4 2.6 dr 2.1 5.1 ±  2.1
80 214.2873 52.49141 1.8 ±  0.3 1.7 ±  1.4 3.6 dr 1.4
81 214.1471 52.33013 1.7 ±  0.3 3.5 rfc 1.6 5.2 ±  1.6
82 214.2095 52.30247 0.3 ±  0.3 8.5 rfc 1.6 10.4 dr 2.0
83 214.2781 52.30188 1.8 ±  0.3 2.6 ±  1.4 4.3 rfc 1.5
84 214.2464 52.37810 0.5 rfc 0.2 6.0 dr 1.2 6.3 dr 1.2
85 214.5015 52.37220 1.3 rfc 0.3 6.1 dr 1.8 7.6 dr 1.8
86 214.0653 52.47826 1.5 dr 0.3 4.8 ±  1.9 6.5 ±  1.9
87 214.2045 52.17611 4.1 ±  1.2 19.5 ±  6.6 25.2 rt 6.7
88 214.4562 52.46960 1.9 rfc 0.3 2.2 ±  2.0 3.7 dr 2.0
89 214.2181 52.44959 0.8 ±  0.2 4.0 rt 1.2 4.8 dr 1.2
90 214.4895 52.44187 1.3 ±  0.3 6.4 rt 1.8 7.3 dr 1.9
91 214.1310 52.36863 0.5 rfc 0.3 7.6 ±  1.5 9.4 dr 1.9
92 214.3757 52.62069 3.1 rt 0.6 7.7 rt 4.5 10.7 rt 4.5
93 214.4963 52.52676 2.2 ±  0.4 5.2 ±  3.0 7.4 ±  3.1
94 214.0708 52.44832 1.2 dr 0.3 7.0 db 2.2 8.3 rt 2.3
95 214.5116 52.35847 1.3 dr 0.3 5.4 db 1.9 6.8 rfc 1.9
96 214.1705 52.40487 0.7 dr 0.2 3.9 ±  1.2 4.6 db 1.2
97 214.6744 52.36030 3.9 rt 0.7 2.1 ±  12.2 5.8 rfc 12.2
98 214.0376 52.35566 1.1 ±  0.3 10.0 rt 2.7 11.3 ±  2.7
99 214.5911 52.49812 2.9 rfc 0.5 4.7 db 5.3 7.0 ±  5.4
100 214.0341 52.48847 1.4 ±  0.3 6.2 ±  2.4 8.1 ±  2.4
101 214.2595 52.22814 0.9 ±  0.3 9.7 ±  2.5 10.5 rfc 2.5
102 214.4478 52.58621 2.6 ±  0.5 6.6 dr 4.0 9.2 ±  4.0
103 214.1073 52.54482 1.7 rfc 0.4 9.1 ±  4.8 11.6 db 4.9
104 213.9273 52.36767 4.0 ±  1.1 52.1 dr 9.6 56.1 ±  9.6
105 214.6253 52.45294 0.9 rfc 0.4 15.7 ±  4.2 16.9 rfc 4.2
106 214.0632 52.51497 0.8 ±  0.4 10.7 rt 2.6 11.3 rfc 2.9
107 214.2815 52.29163 1.2 rfc 0.3 5.4 rfc 1.9 6.6 rfc 2.0
108 214.0504 52.41505 1.5 rt 0.3 3.2 ±  2.0 4.6 rfc 2.0
109 214.0487 52.50645 1.9 rfc 0.8 10.3 di 2.6 11.0 rfc 3.1
110 214.0181 52.47473 3.5 rt 0.6 10.1 rfc 4.9 14.1 ±  5.0
111 214.3619 52.31625 0.5 ±  0.2 5.5 rfc 1.4 6.0 rfc 1.4
112 214.4634 52.27096 1.6 dr 0.3 4.3 ±  2.7 5.6 ±  2.7
113 214.1681 52.25050 1.2 ±  0.4 7.6 db 3.1 9.4 rfc 3.1
114 214.3635 52.48663 0.6 db 0.2 3.0 rfc 1.2 3.8 ±  1.3
115 214.5706 52.38552 1.2 ±  0.4 9.5 dr 3.8 12.2 dr 3.9
116 214.5959 52.45144 2.4 ±  0.4 0.1 ±  7.7 2.4 rfc 7.8
117 214.4119 52.57010 1.6 ±  0.3 12.0 rfc 4.9 13.3 rfc 4.9
118 214.2070 52.28177 1.4 ±  0.3 3.9 dr 2.9 4.7 rfc 2.9

PN HR M l HR M2 HR Not
-0.4 ±  0.3 -0.5 rfc 0.3 -0.1 rt 0.3
-0.7 rfc 0.3 -1.0 ±  3.4 -0.7 ±  0.4
-0.7 rt 0.2 -0.7 dr 3.7 -0.8 rfc 2.6 c d
-0.6 ±  0.3 -0.2 ±  0.3 -0.1 ±  0.5
0.8 dr 0.2 0.8 rfc 3.0 0.7 ±  5.3
-0.7 rfc 0.2 -1.0 rfc 1.7 0.1 rfc 0.4 s
0.3 ±  0.3 0.4 dr 0.4 1.0 rt 1.9 c
0.1 rfc 0.2 -0.3 ±  0.6 -0.3 rfc 0.3 c d
-0.3 ±  0.3 0.0 dr 0.3 -0.5 rfc 0.3

? ±  ? 0.4 ±  0.3 -0.4 rfc 0.2
-0.6 db 0.3 -1.0 dr 1.8 -1.0 rfc 2.2 c d
0.0 ±  0.3 -0.1 ±  0.3 0.2 rt 0.5 c d
-0.4 dr 0.3 0.9 dr 1.9 0.3 rfc 0.3 c d
0.6 ±  0.2 0.5 rfc 7.2 0.9 ±  2.0
-0.3 dr 0.3 -0.9 rfc 3.1 -1.0 ±  2.7
-0.4 dr 0.3 -0.5 ±  5.8 -0.5 dr 2.4 c d
0.2 dr 0.2 -0.7 ±  7.9 -0.2 ±  0.4
-0.1 rfc 0.3 -0.4 dr 0.4 0.3 rt 0.6 c d
0.0 dr 0.3 0.1 rfc 0.5 -0.1 rfc 0.3
-0.7 ±  1.1 -1.0 dr 1.6 -1.0 rfc 26.4
0.4 dr 0.2 0.0 rfc 0.3 1.0 rfc ? s
-1.0 ±  1.2 -0.2 rfc 0.5 -1.0 ±  5.6 c d
0.2 ±  0.2 -1.0 ±  5.6 -0.5 rt 0.4
0.4 rfc 0.3 -0.1 rfc 0.4 0.8 ±  1.9
-0.4 dr 0.3 -1.0 dr 5.0 -1.0 ±  7.1 c d
-0.7 ±  3.4 -0.3 ±  6.5 -0.1 rfc 0.3

? rfc ? 0.5 rfc 0.1 ? ±  ?
0.5 ±  0.3 -1.0 rfc 18.4 0.4 rfc 0.2 c d
0.4 ±  0.2 1.0 rfc 3.0 0.8 rfc 2.5
-0.7 rfc 2.0 0.3 ±  0.3 -0.2 rfc 0.3
-0.5 dr 0.3 -0.9 dr 6.3 -0.3 rfc 0.5
0.9 rfc 2.4 0.9 dr 3.7 -0.1 dr 0.4

? rfc ? -0.3 rfc 0.3 -0.6 rfc 1.6
0.3 rfc 0.3 0.0 rt 0.6 0.6 rfc 0.3
-0.2 db 0.3 -1.0 rfc 4.4 -1.0 rfc 5.3
-0.5 dr 2.2 -0.1 rt 0.3 0.0 ±  0.4
0.0 ±  0.6 -0.6 ±  0.3 0.2 rt 0.4 c d
-1.0 dr 6.7 0.1 ±  0.4 -0.3 db 0.3 c d
-1.0 dr 1.3 -0.6 rfc 4.8 -1.0 rfc 3.8 c
-0.9 ±  3.0 -1.0 ±  2.7 0.5 ±  0.3 c d
-1.0 dr 1.2 -1.0 dr 4.8 0.4 rfc 0.6
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Table 4.3: (Continued)

XMM R.A.[fk5] Dec.[fk5] 0.5 -  2 keV 2 - 1 0  keV 0.5 -  10 keV
119 214.4879 52.52328 1.6 ±  0.4 5.9 ±  5.4 8.0 ±  5.5
120 213.9630 52.45442 3.3 ±  0.7 9.6 ±  4.1 12.9 ±  4.2
121 214.1620 52.26432 0.9 ±  0.3 7.6 ±  2.3 9.0 ±  2.6
122 214.4385 52.49725 0.9 ±  0.3 6.1 ±  1.8 6.5 ±  1.9
123 214.1529 52.33322 0.4 ±  0.4 6.9 ±  1.7 6.6 ±  1.8
124 213.9741 52.38092 1.2 ±  0.4 9.0 ±  3.8 9.7 ±  3.8
125 214.1639 52.53553 0.0 ±  0.9 10.4 ±  2.2 10.6 ±  2.5
126 214.6787 52.48925 4.8 ±  0.9 6.2 ±  5.9 11.1 ±  5.9
127 214.1453 52.19660 2.8 ±  0.9 31.0 ±  8.0 33.4 ±  8.1
128 214.3917 52.56346 1.5 ±  0.4 12.2 ±  5.5 14.3 ±  5.5
129 214.3361 52.41572 0.7 ±  0.3 3.2 ±  1.0 3.7 ±  1.1
130 214.1332 52.20545 0.0 ±  2.6 30.4 ±  7.0 30.4 ±  7.4
131 214.3394 52.61589 1.7 ±  0.7 12.1 ±  5.3 13.1 ±  5.8
132 214.0599 52.32782 0.9 ±  0.3 5.9 ±  2.6 7.4 ±  2.6
133 214.4719 52.47724 0.9 ±  0.3 3.6 ±  1.6 4.4 ±  1.6
134 214.3511 52.16770 8.1 ±  1.8 29.7 ±  9.9 37.8 ±  10.0
135 214.5605 52.46918 1.7 ±  0.4 3.6 ±  4.2 5.2 ±  4.3
136 214.3575 52.26699 1.3 ±  0.5 7.5 ±  2.6 7.4 ±  3.5
137 214.3925 52.34394 0.4 ±  0.2 4.0 ±  1.2 3.6 ±  1.4
138 214.4630 52.31588 0.4 ±  0.3 6.5 ±  1.7 6.8 ±  1.9
139 213.9797 52.39389 1.8 ±  0.6 11.3 ±  4.9 12.9 ±  5.0
140 214.3676 52.26986 0.8 ±  0.3 4.0 ±  1.8 4.8 ±  1.8
141 213.9649 52.46058 3.3 ±  0.8 7.9 ±  5.1 11.2 ±  5.1
142 213.9892 52.26869 6.9 ±  1.5 13.0 ±  7.0 19.9 ±  7.1
143 214.4713 52.27683 1.2 ±  0.3 5.3 ±  4.0 6.5 ±  4.0
144 214.3148 52.31950 0.6 ±  0.2 2.2 ±  1.3 3.0 ±  1.3
145 214.2030 52.16998 3.4 ±  1.0 21.1 ±  10.0 25.0 ±  10.1
146 214.1845 52.34945 0.7 ±  0.3 3.6 ±  1.5 4.8 ±  1.6
147 214.5237 52.29217 0.6 ± 0 . 7 15.0 ±  4.1 15.5 ±  4.5
148 214.2881 52.45087 0.7 ±  0.3 2.8 ±  1.2 3.2 ±  1.3
149 214.3729 52.59720 1.6 ±  0.5 8.6 ±  5.5 10.0 ±  5.5
150 214.3045 52.16597 5.0 ±  1.2 0.6 ±  19.9 5.6 ±  19.9
151 214.3701 52.24234 1.2 ±  0.3 7.0 ±  4.0 6.5 ±  4.6
152 213.9823 52.44128 4.1 ±  0.8 5.1 ±  4.3 9.1 ±  4.4
153 214.4056 52.59925 5.5 ±  1.2 10.0 ±  6.3 15.2 ±  6.4
154 214.1934 52.17992 5.5 ±  1.6 1.5 ±  52.9 5.7 ±  52.9

PN HR M l HR M2 HR Notes

to00

-0.6 ±  2.8 -0.2 ±  0.5 -0.9 ±  3.9 c d
? ±  ? -0.2 ±  0.3 -0.3 ±  0.4

0.2 ±  0.2 0.8 ±  5.8 -0.1 ±  6.5
-0.1 ±  0.3 1.0 ±  3.0 1.0 ±  2.5 c d
1.0 ±  1.3 0.1 ±  0.7 0.1 ±  5.2
0.4 ±  0.4 -1.0 ±  6.1 -0.7 ±  4.5
1.0 ±  1.1 1.0 ±  2.1 0.8 ±  3.7

-0.6 ±  0.3 ? ±  ? ? ±  ?
? ±  ? 0.5 ±  0.2 -0.8 ±  4.7

-0.6 ±  3.8 0.1 ±  0.3 -0.5 ±  19.1 c d
1.0 ±  3.2 0.1 ±  0.4 0.0 ±  0.3 c d

? ±  ? 1.0 ±  1.2 1.0 ±  1.0
-1.0 ±  4.1 1.0 ±  4.0 0.5 ±  0.4
-0.8 ±  5.6 0.0 ±  0.3 -0.1 ±  0.5
-0.2 ±  0.4 0.2 ±  0.6 -0.1 ±  0.5 c

? ±  ? ? ±  ? -0.1 ±  0.2 -

-1.0 ±  1.5 -0.2 ±  0.6 -1.0 ±  6.4 c d
0.7 ±  2.7 -1.0 ±  3.8 -1.0 ±  4.5
0.1 ±  0.4 1.0 ±  4.4 0.7 ±  4.0 c d
0.5 ±  0.3 1.0 ±  7.1 0.8 ±  3.1
0.6 ±  8.0 0.2 ±  0.3 -0.6 ±  4.9
-0.4 ±  0.5 0.5 ±  0.3 -0.6 ±  17.0

? ±  ? -0.3 ±  0.3 -1.0 ±  2.4 s
? ±  ? ? ±  ? -0.4 ±  0.2 s

-1.0 ±  2.2 -1.0 ±  4.1 0.2 ±  0.4 s
-0.1 ±  0.6 -1.0 ±  33.5 -0.4 ±  0.3 c

? ±  ? -1.0 ±  6.4 0.1 ±  0.3 -

? ±  ? 0.6 ±  0.4 -0.6 ±  0.3
0.6 ±  7.9 0.6 ±  0.3 0.7 ±  1.7
1.0 ±  2.3 -1.0 ±  8.0 -0.3 ±  0.4 c

-1.0 ±  2.2 0.3 ±  0.4 -0.2 ±  25.1 c d
? ±  ? -0.9 ±  2.3 -1.0 ±  2.2 -

-1.0 ±  1.9 1.0 ±  32.1 0.8 ±  2.6
? ±  ? -0.3 ±  13.7 -0.6 ±  0.3
? ±  ? ? ±  ? -0.4 ±  0.3 c
? ±  ? -1.0 ±  4.3 1.0 ±  9.0
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Table 4.4: ID properties of the 3-h field XMM  source IDs (P' <  0.15). Coordinates are for the CFDF objects not the XMM sources; the offset is between 
the XMM  source and the CFDF object; The first two photo-z columns (U B V I  & U B V I K )  are BPZ estimates, * indicates that P&z <  0.9 and so 
may be less reliable; U B V R IZ  is the photo-z estimate given by the CFDF code and here * also indicates a less reliable estimate because of multiple 
likelihood peaks or broad errors. Note, not all IDs are included in the recent U B V R IZ  catalogue, so these sources do not have redshift estimates in this 
column. Photo-z estimates are always unreliable for QSOs (and potentially misidentified stars) and saturated objects (Irot <  18.5), regardless of any 
other reliability measure. Notes have the same meaning as in table 4.2.

XMM CFDF R.A.[fk5] Dec. [fk5] Offset (") P ’ z sp U B V I U B V I K U B V R I Z Notes
1 45.52829 -0.02246 0.614 q
2 48603 45.78065 0.17224 0.4 8.63E-04 0.01 2.01 s
3 80878 45.64505 0.01880 1.0 8.64E-03 0.40 0.45 *
5 36830 45.63823 0.22535 0.4 1.65E-03 1.048 0.30 0.20 2.22 q
6 27229 45.73788 0.26803 1.1 9.46E-05 0.36 3.09
7 9684 45.70320 0.35877 0.107 0.08 0.38 q
8 15331 45.58520 0.32705 0.8 1.95E-03 0.04 0.51 * s
9 78735 45.65896 0.03432 0.7 7.20E-04 1.350 0.19 * q
10 63707 45.59203 0.10864 1.0 5.86E-03 3.300 0.27 0.02 3.27 q
11 82792 45.61012 0.00831 1.0 1.15E-02 1.42 1.53 * s
13 56174 45.53374 0.14061 1.3 2.04 E-02 0.70
14 64790 45.83426 0.10138 0.8 1.40E-03 0.23 0.27
15 78257 45.68516 0.02951 0.7 7.72E-03 0.83 0.84
20 27963 45.57106 0.26679 1.4 1.65E-02 0.20 * 2.26
22 85206 45.79066 -0.00681 0.5 3.34E-03 0.24 * 2.26
24 62173 45.62261 0.11390 1.3 1.99E-02 0.827 0.89 0.50 0.84
25 82594 45.58656 0.01374 0.4 1.15E-03 0.65 0.66
27 97057 45.56393 -0.05948 1.8 1.22E-02 0.73 0.93 s
28 66925 45.68145 0.08571 1.8 2.54E-02 0.900 0.08 2.20 * q
29 13762 45.57013 0.33375 2.0 2.57E-02 0.38 * 1.53
32 50421 45.85220 0.16086 1.1 1.56E-02 0.62 * 2.52
34 81425 45.56175 0.02372 1.0 2.84E-03 1.179 0.01 * 1.90 q
35 47530 45.71717 0.17676 0.9 4.31E-03 0.50 0.33 0.69
36 44712 45.63191 0.18734 1.5 6.24E-02 0.62 * 0.57 0.77
38 55466 45.72035 0.13982 0.2 4.51E-03 1.09 0.88
39 72546 45.54229 0.05872 1.1 7.98E-02 0.70 *
40 49318 45.70466 0.16711 1.4 1.38E-02 0.616 0.56 * 0.02 0.65
42 45059 45.81494 0.18973 0.5 2.73E-03 0.64 0.68
43 10078 45.66893 0.35175 2.2 1.32E-02 1.43 * 0.64
45 80741 45.56205 0.02162 1.4 1.65E-02 0.58 0.55
47 52216 45.63807 0.15850 1.8 8.93E-02 0.279 1.20 0.80 1.27
49 60572 45.66460 0.12130 1.2 1.20E-04 0.09
50 52676 45.62234 0.15646 0.8 2.31E-02 0.50 * 0.50 1.43
51 74652 45.59399 0.04863 1.4 3.75E-02 0.30 0.49
52 36802 45.82893 0.22079 1.6 1.46E-01 0.68 * 1.54
53 13860 45.64914 0.33900 2.3 4.58E-05 0.50 * toto
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Table 4.4: (Continued)

XMM CFDF R.A.[fk5] Dec.[fk5] Offset (") P'_______z sp
54 59782 45.68074 0.12068
55 87828 45.81205 -0.01745
56 36666 45.82932 0.22347
58 45122 45.80342 0.18356
59 80538 45.67983 0.01708
63 21366 45.56986 0.29604
64 91703 45.72206 -0.03394
65 25440 45.56747 0.27871
66 49372 45.56873 0.16783
67 37810 45.63941 0.22227
69 88844 45.64644 -0.02376
70 35116 45.54377 0.23455
74 38640 45.71437 0.21899
75 67892 45.77674 0.07782
76 55634 45.57798 0.14406
77 43571 45.64063 0.19383
78 83233 45.58096 0.00613
82 73526 45.78326 0.04985
83 53438 45.72387 0.15191
86 12628 45.66658 0.33796
87 24270 45.69919 0.27188
89 80377 45.54901 0.02043
90 58389 45.55685 0.13042
91 47033 45.72989 0.17451
92 62211 45.80016 0.10824
95 69733 45.76151 0.06753
96 59281 45.79954 0.11961
97 65662 45.58770 0.09224
100 68850 45.63694 0.08147
101 82909 45.59592 0.01589
104 37771 45.87234 0.21751
107 7980 45.72985 0.35936
109 23302 45.86985 0.28527
110 78856 45.69338 0.02593
111 47865 45.59669 0.17959
114 65984 45.55365 0.10004
117 77450 45.61742 0.03339
119 48812 45.80753 0.16814
120 41131 45.60592 0.20426
121 78808 45.79781 0.02463
125 40200 45.82095 0.20649

1.3 8.66E-02
2.5 2.43E-02
0.6 4.42E-03
0.8 1.48E-02
1.1 1.29E-01
0.6 1.27E-02
2.5 1.49E-02
1.3 1.41E-02
0.5 3.36E-03
4.9 9.66E-02
2.4 1.48E-01
1.2 3.18E-02
1.3 4.26E-02
2.0 7.98E-02
5.9 1.18E-01
1.2 1.88 E-02
0.5 3.55E-02
0.3 6.16E-03
2.0 1.00E-01
0.8 5.63E-03
5.4 2.74E-04
0.3 4.29 E-03
2.0 4.34E-02
1.4 1.29E-01
1.9 5.35E-02
0.9 5.95E-02
0.8 9.37E-02
0.4 1.19E-02
5.0 2.08E-02
1.1 5.08E-04
3.8 1.39E-01
2.2 8.13E-02
1.3 5.54 E-02
2.1 9.30E-02
1.2 2.10E-02
4.4 2.64E-02
0.6 2.76E-02
2.4 6.34E-02
0.7 4.90E-02
0.9 1.28E-02
3.4 8.21E-02

0.700

U B V I  U B V I K  U B V R I Z  Notes
0.69 * 0.95
0.53 0.54
0.62 0.74
0.51 1.53
1.20 *
0.66 1.04
0.10 0.13
0.90 * 0.58
0.67 0.73
0.41 0.07 0.60
1.40 0.62
1.05 *
0.81 0.61 1.21 *
0.28
0.49 0.74
0.33 0.70
1.23 * 0.60
0.41 1.12
0.20 0.19 3.02
0.50
0.50 *
0.50 * 0.34
1.29 * 2.62
0.56 *
0.54 2.67 *
0.36 0.49
0.61 * 2.49
0.60 * 2.26
0.50 0.61
0.50 0.58
1.31 * 0.48
0.68 * 0.81
1.15 1.22
0.49 0.53
0.68 0.57 0.92
0.50 0.60
1.40 1.27
0.08 2.61
0.99 * 1.18
0.53 0.79
0.05 0.06
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Table 4.4: (Continued)

XMM CFDF R.A.[fk5] Dec.[fk5) Offset(") P'
127 81880 45.65058 0.01198 3.3 1.36E-01
131 38707 45.82809 0.21339 1.5 1.98E-02
132 66439 45.64537 0.08987 3.2 1.14E-01
138 64251 45.54188 0.10066 1.1 8.45E-02
139 64429 45.70665 0.10415 3.3 3.35E-02
141 62358 45.87798 0.11156 1.4 8.48E-04
142 82378 45.76926 0.00801 1.5 6.50E-02
143 64800 45.71042 0.09711 2.4 4.66E-02
144 46344 45.55012 0.18831 2.5 5.24E-03

U BVI  U B V I K  U BV R IZ
0.93
0.62 * 0.68
0.65 0.96
0.90
0.50 0.08 0.56
0.53 0.58
1.70 0.65 *
0.51 0.62
0.10 2.63

Notes

s

O
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Table 4.5: As table 4.4 but for the 14-h field. All IDs are for XMM  sources, except the last 7 sources, of which 4 are the extra Chandra IDs and 3 are 
the alternative Chandra IDs for sources 10, 115 & 149 (assumed to be the correct IDs in this work). The two BPZ columns have been corrected for the 
systematic error found in this field (see appendix). Notes have the same meaning as in table 4.3.

XMM CFDF R.A.[fk5] Dec.[fk5] Offset (") P' Z Sp U BV I U B V I K U B V R IZ Notes
1 34649 214.2061 52.42517 0.7 5.05E-03 0.33 0.35 c d
2 56149 214.3996 52.50816 0.1 8.83E-05 0.985 0.12 0.01 0.35 c d q
3 32209 214.1803 52.24317 0.4 9.65E-04 1.11
4 50800 214.3523 52.50681 0.4 8.15E-04 0.479 0.01 * 0.01 1.16 * c d q
5 22314 214.0946 52.32109 1.4 1.85E-02 0.79 0.91
6 62713 214.4630 52.38622 0.4 7.77E-04 0.35 0.35 c d
7 38711 214.2426 52.20126 0.6 1.81E-03 0.25 *
8 39972 214.2527 52.32180 0.8 3.59E-03 0.60 0.74 c d
9 35492 214.2133 52.34607 1.1 8.10E-03 0.808 0.05 * 1.95 c d
10 83085 214.6597 52.39960 0.5 6.75E-04 0.01 1.87 c d
11 55542 214.3951 52.46950 0.7 3.89E-03 1.223 1.85 1.87 c d s
12 67282 214.5084 52.30996 0.8 1.15E-02 0.49 * 0.42
13 31728 214.1765 52.30344 0.6 6.10E-04 0.01 1.70 s
14 79632 214.6257 52.36994 0.4 1.89E-03 0.01 * 1.18 c d
15 33860 214.2036 52.43290 1.8 2.66E-02 0.12 0.08 c d s
16 50250 214.3401 52.30799 0.7 3.80E-03 0.65 0.42 s
17 45743 214.2992 52.33660 0.4 7.12E-04 0.64 0.62 c d
18 31283 214.1747 52.52856 0.8 5.12E-03 0.51 0.52 c d
19 36477 214.2215 52.35098 2.2 6.43E-02 0.983 0.62 * 1.62 c d
20 44421 214.2939 52.47464 1.2 2.84E-02 0.38 0.36 c d
22 41100 214.2676 52.36100 0.8 1.04E-02 0.93 0.86 c d
23 58899 214.4242 52.47299 1.2 1.25E-02 1.148 1.02 0.97 c d
24 57017 214.4118 52.39237 0.2 4.00E-04 1.85 1.18 c d s
25 35314 214.2121 52.25785 0.5 2.88E-03 0.01
26 21940 214.0957 52.20328 3.2 6.30E-02 0.48 s
27 32769 214.1832 52.37185 0.7 1.92E-03 0.59 0.60
28 49914 214.3472 52.53151 0.7 5 .10E-03 1.94 * 0.40 c d
29 46217 214.3125 52.38680 0.1 3.70E-04 1.263 2.35 1.79 * c d
30 44815 214.2913 52.31384 1.3 1.88E-03 0.09 2.55
31 27519 214.1437 52.37738 0.4 3.12E-03 0.51 2.80
32 26960 214.1363 52.31716 1.3 3.5315-02 0.72 0.69 0.89
33 73713 214.5675 52.49446 0.4 1.10E-03 1.603 0.05 2.01 c d q
34 45274 214.3008 52.28199 0.7 3.83E-03 1.85 1.61
35 32509 214.1889 52.48491 0.4 1.92E-03 0.22 * 0.42 c d s
36 14765 214.0271 52.41650 0.8 1.9315-02 0.83 1.06
37 29731 214.1584 52.38561 0.7 2.02E-03 0.38 0.38
38 53900 214.3749 52.20760 2.1 1.40E-02 0.62 0.01 0.66
39 25468 214.1194 52.56286 0.8 5.36E-03 0.37 0.83
40 77228 214.6037 52.39150 1.9 7.5615-02 0.95 1.51 c d



Table 4.5: (Continued)

CMM CFDF R.A.[fk5] Dec. [fk5] Offset (") P'
42 32151 214.1767 52.42409 3.6 2.85E-02
43 24723 214.1170 52.45225 1.6 3.29E-02
44 38323 214.2417 52.24076 1.3 1.66E-02
45 55970 214.4036 52.40820 0.7 1.58E-02
47 36040 214.2244 52.34527 1.1 7.04E-02
48 52588 214.3746 52.46325 1.1 9.85E-02
49 84591 214.6364 52.39700 1.6 1.33E-02
50 59894 214.4394 52.46722 1.9 4.30E-02
51 33949 214.1966 52.18739 1.9 4.57E-03
52 67406 214.5079 52.58727 5.2 7.08E-02
53 54325 214.3857 52.53404 1.3 2.91E-02
55 42727 214.2680 52.41473 1.3 4.87E-03
56 34951 214.2104 52.27638 1.2 1.78E-02
57 49934 214.3463 52.25391 0.8 3.33E-03
58 45989 214.2957 52.42785 0.7 2.04E-03
59 60130 214.4413 52.50891 0.4 3.08E-03
61 25745 214.1299 52.46111 0.6 4.04E-02
62 35004 214.2100 52.60917 0.3 6.49E-04
63 31301 214.1806 52.48398 1.0 7.29E-02
64 30075 214.1682 52.37271 1.6 1.02E-01
66 65555 214.4923 52.36456 0.7 1.09E-02
67 17783 214.0571 52.37653 1.3 5.56E-02
69 25429 214.1234 52.39243 1.0 2.24E-02
70 28394 214.1494 52.32003 1.8 6.13E-02
71 58275 214.4252 52.28522 1.0 2.4715-02
72 29697 214.1606 52.47914 3.1 9.8215-02
74 17208 214.0440 52.27264 1.3 5.6415-03
75 63310 214.4709 52.29158 1.8 1.03E-01
79 37913 214.2358 52.25765 1.7 4.18E-02
82 34515 214.2076 52.30252 1.6 2.96E-02
83 42599 214.2787 52.30243 4.2 1.4415-01
85 66214 214.5001 52.37308 1.9 1.28E-01
86 18647 214.0640 52.47858 0.1 7.26E-04
87 34543 214.2017 52.17736 4.6 7.54E-02
88 61988 214.4549 52.46978 0.6 1.8215-02
89 35432 214.2162 52.45008 1.2 4.98E-02
90 65240 214.4877 52.44177 1.8 1.1715-01
91 25734 214.1295 52.36941 1.6 1.1915-01
92 52922 214.3745 52.62106 0.3 2.92E-03
93 65969 214.4953 52.52738 1.3 3.5015-02
94 19012 214.0697 52.44880 0.7 5.0915-02

0.432

0.988

0.808

0.995

0.637

UBV I U B V I K U BV R IZ Notes
0.36 0.28 s
0.63 0.70
0.78
1.85 0.42 c d
0.12 * 0.06 * c
1.48 1.34 c d
0.01 1.40 c d s
0.37 0.40 c d
0.01 s
0.01 * 0.71 * c d s
1.85 0.96 c d
0.27 0.40 c d
0.86
0.12 2.16 s
0.36 * 0.33 c d
0.99 0.94 c d
0.46 1.41
0.73 0.79
0.52 * c
0.65 0.90
1.40 1.00 c d
0.27 0.83
0.84 1.08
0.62 1.65
2.68 * 1.50
0.80 0.87
0.42
0.51 0.59
0.83 0.73
0.79 0.88
0.74 0.71 s
1.23 * 1.14 c d
0.68 1.06
0.99
0.60 1.63 c d
0.72 0.84 c d
1.48 1.20 c d
1.10 * 1.27
0.65 0.71
1.80 0.73 c d
0.51
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Table 4.5: (Continued)

XMM CFDF R.A.[fk5] Dec. [fk5] Offset(") P' Z $ p U BV I
95 69197 214.5096 52.35876 1.4 3.39E-03 0.25
97 85590 214.6735 52.36127 2.5 7.20E-02 1.85
98 15693 214.0350 52.35468 5.5 7.68E-02 0.49
99 76245 214.5903 52.49852 1.2 1.64E-03 0.000 0.68
102 60656 214.4470 52.58607 2.2 1.15E-01 2.72
103 23308 214.1060 52.54512 0.3 4.28E-03 2.59 *
104 4623 213.9254 52.36858 2.4 2.66E-02 0.40 *
105 79441 214.6239 52.45244 3.0 8.99E-02 0.62
106 18587 214.0621 52.51536 0.7 5.01E-03 0.47
107 42600 214.2799 52.29213 0.8 3.27E-02 1.60 *
108 18555 214.0474 52.41673 5.9 7.10E-03 0.12
109 16776 214.0476 52.50674 0.6 6.86E-02 0.12 *
110 13827 214.0162 52.47423 3.2 1.23E-01 0.12
111 51269 214.3606 52.31558 3.7 1.41E-01 1.62 *
112 63545 214.4618 52.27126 0.6 6.08E-03 0.70
113 31206 214.1667 52.25094 0.4 4.06E-05 0.01
114 51372 214.3625 52.48662 1.5 1.33E-01 0.54 *
115 73478 214.5699 52.38634 2.2 1.16E-01 0.91 *
116 77033 214.5949 52.45225 1.8 2.36E-03 0.37
117 56581 214.4110 52.57036 1.0 7.78E-02 0.59
118 34410 214.2061 52.28159 2.2 4.69E-02 0.70
119 64736 214.4866 52.52333 1.1 5.82E-02 1.49
127 27813 214.1439 52.19802 3.9 8.49E-02 0.62
128 54966 214.3907 52.56351 1.3 1.55E-02 0.548 0.60
132 18082 214.0588 52.32756 2.2 5.70E-02 0.57
133 63277 214.4705 52.47736 0.8 7.63E-03 0.69 *
135 72587 214.5594 52.46943 0.7 1.21E-02 0.05
137 54900 214.3911 52.34428 0.2 4.27E-04 0.59
141 8503 213.9635 52.46123 1.1 5.18E-03 0.04
142 10561 213.9867 52.26863 2.8 7.00E-02 1.81
143 63681 214.4702 52.27698 0.9 8.23E-04 0.43
144 47052 214.3141 52.32068 3.3 3.14E-02 0.54
146 32896 214.1812 52.35056 5.0 2.51E-02 0.37
147 69363 214.5235 52.29270 2.7 4.16E-02 0.72
148 44072 214.2870 52.45245 4.5 6.76E-02 0.57
149 52691 214.3721 52.59709 2.0 8.52E-02 0.69
151 51768 214.3684 52.24278 0.8 1.48E-01 1.60 *
153 56022 214.4041 52.59928 1.2 3.45E-02 0.47
154 32679 214.1917 52.17971 2.1 1.08E-01 1.05 *
65 69393 214.5297 52.42301 1.2 8.99E-02 1.74 *
80 43006 214.2861 52.49144 0.5 9.19E-02 3.47 *

U B V I K  U B V R IZ  Notes

0.02  *

1.61

0.02

0.31 c d

0.38 s
0.62 c d s
0.14 c d
1.87
0.35
0.75 c d
0.48

0.14

0.09 *
0.43
0.61

4.24 c d
c d

0.28 c
0.79 c d

0.56 c d

0.62 c d
0.53
0.71 c
2.67 c d
0.57 c d
1.94 s

s
0.32 s
0.50 c
0.39
0.66
0.56 c
0.76 c d

0.45 c

1.12 new



Table 4.5: (Continued)

CMM CFDF R.A.[fk5] Dec.[fk5] Offset(") P'
122 59768 214.4391 52.49744 0.1 2.26E-04
129 48314 214.3331 52.41666 0.2 5.57E-03
10 82156 214.6581 52.39855 0.8 8.35E-02

115 73352 214.5694 52.38519 1.0 5.12E-02
149 52467 214.3699 52.59755 2.1 4.2315-02

UBV I  U B V I K  U B V R IZ  Notes 
0.81 0.84 new
5.06 0.56 new
0.81 1-18 alternate
1.23 1.74 alternate
0.52 0.54 alternate
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Table 4.6: Optical properties of the 3-h field XMM  source IDs, as extracted from the original CFDF U BV I  catalogues, including CFRS K  photometry 
where available. All magnitudes are AB and measured in a 3" diameter aperture, except for the I Tot magnitude which is the total magnitude measured 
using a variable aperture. This total magnitude is used as the prior in the BPZ photometric redshift code, while the 3" aperture magnitudes and errors 
are used as the input catalogue.

XMM CFDF I Tot U AU B AB V AV I A l K AK
2 48603 19.460 19.983 0.010 20.049 0.007 19.534 0.003 19.631 0.002
3 80878 20.675 21.677 0.017 21.995 0.009 21.185 0.008 20.895 0.005
5 36830 20.470 21.978 0.021 22.340 0.022 21.442 0.007 20.755 0.004 19.05 0.05
6 27229 14.156 19.903 0.008 18.154 0.002 16.867 0.001 15.310 0.000
7 9684 17.771 20.683 0.012 19.184 0.004 19.143 0.002 18.295 0.001
8 15331 19.071 20.343 0.010 19.986 0.007 19.575 0.003 19.217 0.002
9 78735 17.924 18.909 0.005 18.654 0.003 18.481 0.002 18.082 0.001
10 63707 19.996 24.437 0.071 21.355 0.006 20.537 0.005 20.243 0.003 19.93 0.11
11 82792 20.972 21.775 0.018 21.478 0.007 21.426 0.008 21.108 0.005
13 56174 21.215 29.627 2.457 99.000 27.570 23.223 0.031 21.380 0.010
14 64790 18.493 22.002 0.023 21.054 0.006 19.990 0.004 18.987 0.002
15 78257 21.176 24.635 0.083 24.652 0.047 23.459 0.033 21.380 0.006
20 27963 20.686 21.806 0.019 21.356 0.013 21.359 0.007 20.908 0.005
22 85206 20.889 21.898 0.023 21.701 0.009 21.528 0.010 21.088 0.005
24 62173 21.220 25.780 0.173 24.865 0.046 24.163 0.051 21.657 0.006 19.37 0.06
25 82594 19.855 22.962 0.032 22.517 0.002 21.828 0.010 20.235 0.003
27 97057 19.642 24.009 0.057 23.275 0.892 22.319 0.015 19.802 0.003
28 66925 20.720 21.672 0.018 21.363 0.009 20.983 0.007 20.921 0.005
29 13762 20.445 21.358 0.016 21.390 0.013 20.883 0.006 20.650 0.004
32 50421 21.233 23.055 0.041 22.879 0.020 22.585 0.015 21.478 0.006
34 81425 18.979 19.975 0.008 20.075 0.059 19.692 0.004 19.342 0.003
35 47530 19.822 24.001 0.063 23.050 0.025 22.176 0.010 20.150 0.003 18.36 0.02
36 44712 22.536 24.133 0.063 24.180 0.059 23.762 0.031 22.696 0.012 21.02 0.23
38 55466 23.391 25.464 0.139 25.019 0.065 24.961 0.098 23.511 0.019
39 72546 23.751 99.000 28.170 99.000 27.570 25.951 0.289 23.821 0.026
40 49318 20.514 23.054 0.038 22.571 0.019 22.099 0.010 20.792 0.004 19.29 0.05
42 45059 20.763 25.765 0.224 24.925 0.063 23.951 0.037 21.830 0.007
43 10078 19.323 21.663 0.018 21.104 0.013 20.675 0.004 19.616 0.002
45 80741 20.780 23.839 0.055 23.477 0.140 22.823 0.021 21.434 0.007
47 52216 22.664 25.435 0.133 24.430 0.050 24.927 0.098 22.771 0.014 20.10 0.10
49 60572 14.320 16.083 0.001 14.557 0.001 14.793 0.000 15.493 0.000
50 52676 22.568 23.042 0.033 23.851 0.029 23.267 0.025 22.692 0.012 21.42 0.34
51 74652 21.954 22.782 0.029 23.331 0.022 22.620 0.017 22.114 0.008
52 36802 23.772 26.835 0.536 26.319 0.189 25.888 0.204 24.331 0.037
53 13860 11.530 15.479 0.001 14.981 0.001 99.000 27.590 14.746 0.001
54 59782 23.374 24.617 0.081 24.349 0.041 24.251 0.060 23.406 0.018
55 87828 19.824 24.425 0.081 23.528 0.019 22.270 0.015 20.324 0.003
56 36666 20.999 24.735 0.104 24.041 0.037 23.186 0.021 21.349 0.006
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Table 4.6: (Continued)

XMM CFDF ITot U AU B AB V
58 45122 21.860 22.863 0.039 23.324 0.023 22.723
59 80538 24.392 26.114 0.243 25.317 0.090 25.949
63 21366 22.262 24.556 0.080 24.530 0.071 23.830
64 91703 19.122 20.783 0.012 20.188 0.005 19.729
65 25440 20.728 21.532 0.017 21.344 0.013 21.408
66 49372 21.192 25.338 0.140 24.816 0.088 23.528
67 37810 20.322 25.373 0.139 23.646 0.044 22.419
69 88844 22.832 23.595 0.046 23.263 0.020 23.407
70 35116 21.960 24.664 0.097 24.631 1.331 23.968
74 38640 22.357 24.618 0.089 24.510 0.054 24.114
75 67892 22.248 23.899 0.057 23.631 0.025 22.927
76 55634 20.200 25.978 0.206 23.684 0.026 22.608
77 43571 21.352 22.790 0.031 22.784 0.029 22.190
78 83233 24.205 25.363 0.131 24.766 0.148 25.007
82 73526 23.148 25.158 0.126 26.119 0.130 24.355
83 53438 22.604 24.721 0.089 24.059 0.038 22.784
86 12628 20.449 24.341 0.073 23.413 0.041 22.446
87 24270 11.749 20.031 0.010 16.203 0.002 99.000
89 80377 22.819 24.496 0.081 24.486 18.736 23.821
90 58389 21.311 24.741 0.091 23.849 0.073 23.557
91 47033 23.822 25.800 0.210 25.572 0.138 25.469
92 62211 21.662 23.632 0.052 23.342 0.018 22.881
95 69733 23.779 25.889 0.202 26.092 0.126 24.995
96 59281 24.826 26.236 0.280 26.122 0.112 26.124
97 65662 23.400 24.732 0.087 24.640 0.008 24.399
100 68850 17.949 24.076 0.056 21.920 0.009 20.561
101 82909 16.544 22.402 0.024 20.436 0.005 19.088
104 37771 21.565 22.805 0.037 22.514 0.017 22.417
107 7980 21.989 25.070 0.117 24.479 0.058 23.925
109 23302 22.627 24.828 0.113 24.410 0.051 24.564
110 78856 22.334 24.714 0.085 24.296 0.037 23.591
111 47865 21.441 24.540 0.081 24.394 0.066 23.567
114 65984 18.620 25.873 0.205 23.568 10.073 22.265
117 77450 23.573 25.057 0.105 23.730 0.026 24.465
119 48812 21.439 23.170 0.046 22.612 0.017 22.227
120 41131 24.048 24.726 0.087 25.891 0.187 25.285
121 78808 21.522 26.250 0.298 25.646 0.080 24.312
125 40200 20.967 24.508 0.097 23.062 0.022 22.261
127 81880 21.881 25.757 0.169 25.380 0.069 24.503
131 38707 20.740 24.036 0.072 23.331 0.025 22.722
132 66439 21.630 25.378 0.124 24.863 0.048 23.967

AV I A l
0.014 22.033 0.007
0.289 24.239 0.041
0.036 22.403 0.010
0.003 19.446 0.002
0.007 20.898 0.004
0.034 21.415 0.007
0.012 20.480 0.003
0.030 22.922 0.016
0.039 22.200 0.010
0.039 22.656 0.010
0.023 22.529 0.011
0.018 20.342 0.003
0.012 21.620 0.006
0.110 24.336 0.040
0.064 23.421 0.019
0.017 22.710 0.011
0.012 20.690 0.004
27.590 15.193 0.001
0.046 22.979 0.017
0.037 21.556 0.006
0.121 24.653 0.041
0.020 21.816 0.007
0.108 24.278 0.034
0.293 24.889 0.057
0.069 23.454 0.019
0.005 18.087 0.001
0.002 16.739 0.001
0.013 21.946 0.007
0.037 22.243 0.009
0.067 23.238 0.017
0.036 22.475 0.010
0.026 21.861 0.007
0.016 20.146 0.004
0.068 23.684 0.024
0.011 21.811 0.007
0.110 24.489 0.038
0.064 21.917 0.008
0.012 21.182 0.006
0.077 22.253 0.011
0.016 21.151 0.005
0.044 22.117 0.009

K AK

20.12 0.13

20.95 0.28

22.43 0.86

20.18 0.11
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Table 4.6: (Continued)

XMM CFDF \Tot U AU B AB V AY I A l K AK
138 64251 23.701 24.855 0.112 24.388 13.718 25.507 0.224 23.845 0.053
139 64429 19.642 23.781 0.049 22.802 0.016 22.032 0.012 20.286 0.003 18.97 0.04
141 62358 16.623 23.468 0.046 21.494 0.007 19.967 0.003 16.775 0.001
142 82378 22.623 23.273 0.040 22.910 0.017 22.992 0.027 22.659 0.013
143 64800 20.872 26.405 0.294 24.800 0.048 23.495 0.031 21.154 0.005
144 46344 17.689 19.214 0.006 18.540 0.017 18.218 0.002 17.933 0.001
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Table 4.7: As table 4.6 but for the 14-h field. All are XMM  IDs except the 7 sources at the end, of which 4 are the extra Chandra IDs and 3 are the 
alternative Chandra IDs for sources 10, 115 & 149 (assumed to be the correct IDs in this work).

XMM CFDF I t  ot U AU B AB V AV I AI K AK
1 34649 20.604 22.083 0.027 21.833 0.008 20.906 0.005 20.887 0.004
2 56149 19.996 21.011 0.011 20.814 0.004 20.206 0.003 20.146 0.002 19.25 0.04
3 32209 19.955 21.499 0.016 21.650 0.012 21.687 0.009 20.375 0.003
4 50800 19.762 20.918 0.011 20.549 0.003 20.338 0.003 19.932 0.002 18.62 0.02
5 22314 20.940 23.925 0.052 23.580 0.023 22.796 0.014 21.181 0.005
6 62713 19.365 22.842 0.031 21.814 0.007 20.807 0.004 19.632 0.002
7 38711 19.756 20.889 0.012 20.609 0.007 20.529 0.005 19.986 0.003
8 39972 19.882 21.883 0.019 21.622 0.009 21.131 0.006 20.266 0.003
9 35492 20.252 21.836 0.019 21.512 0.008 21.141 0.006 20.690 0.004
10 83085 19.029 19.341 0.006 19.402 0.003 19.050 0.002 19.163 0.002
11 55542 20.473 20.462 0.008 20.817 0.004 20.640 0.003 20.601 0.003
12 67282 21.646 22.252 0.024 22.505 0.011 21.992 0.008 21.796 0.006
13 31728 18.139 18.673 0.004 18.484 0.002 18.340 0.002 18.266 0.001
14 79632 20.447 20.959 0.013 21.015 0.006 20.689 0.005 20.621 0.003
15 33860 20.732 21.866 0.025 21.598 0.007 20.993 0.005 20.804 0.004
16 50250 20.332 21.723 0.018 21.682 0.008 21.257 0.005 20.478 0.003
17 45743 19.500 21.927 0.018 21.665 0.008 21.000 0.005 19.891 0.003
18 31283 20.410 24.435 0.084 23.418 0.022 22.253 0.010 20.636 0.004
19 36477 21.688 22.600 0.027 22.926 0.017 22.378 0.012 21.862 0.008
20 44421 21.908 22.999 0.028 23.126 0.015 22.596 0.010 22.136 0.008
22 41100 21.396 25.205 0.094 25.809 0.110 24.060 0.029 21.727 0.007
23 58899 20.595 23.926 0.046 23.727 0.017 22.901 0.011 20.859 0.004
24 57017 20.704 20.950 0.013 21.264 0.005 20.971 0.005 20.825 0.004
25 35314 20.652 21.180 0.014 21.315 0.011 20.852 0.007 20.921 0.004
26 21940 20.717 22.460 0.025 22.138 0.015 21.508 0.008 20.834 0.004
27 32769 19.538 23.555 0.042 22.650 0.014 21.744 0.008 20.108 0.003
28 49914 20.917 22.668 0.024 22.217 0.008 21.850 0.007 21.115 0.005
29 46217 21.674 22.246 0.023 22.010 0.008 21.850 0.007 21.780 0.006
30 44815 17.858 19.017 0.005 18.405 0.002 18.075 0.001 18.030 0.001
31 27519 21.675 23.824 0.048 23.463 0.021 22.640 0.013 21.784 0.007
32 26960 21.913 24.136 0.057 24.395 0.036 23.511 0.021 22.285 0.009 20.05 0.17
33 73713 19.830 20.614 0.009 20.179 0.003 20.022 0.003 19.940 0.002
34 45274 20.498 20.923 0.011 20.967 0.005 20.924 0.005 20.696 0.004
35 32509 21.047 22.392 0.031 22.123 0.009 21.722 0.007 21.169 0.005
36 14765 22.197 24.752 0.101 24.544 0.046 24.011 0.031 22.594 0.012
37 29731 19.417 24.038 0.054 22.720 0.015 21.446 0.007 19.861 0.003
38 53900 19.487 22.389 0.025 21.902 0.007 21.189 0.005 19.979 0.003 19.86 0.07
39 25468 20.480 22.216 0.029 22.049 0.010 21.215 0.006 20.781 0.004
40 77228 22.211 24.501 0.066 24.475 0.032 23.949 0.023 22.421 0.009
42 32151 19.166 23.495 0.052 21.318 0.006 20.295 0.003 19.284 0.002 Oto
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Table 4.7: (Continued)

XMM CFDF lTot U AU B AB V AY I AI K AK
43 24723 21.435 28.837 2.281 25.717 0.074 24.382 0.033 22.068 0.008
44 38323 20.804 23.055 0.034 23.001 0.025 22.515 0.016 21.331 0.006
45 55970 22.474 22.745 0.025 23.017 0.013 22.758 0.012 22.620 0.010
47 36040 23.546 25.564 0.122 24.189 0.034 24.191 0.033 23.849 0.028
48 52588 24.116 27.024 0.278 26.175 0.082 26.353 0.129 24.301 0.032
49 84591 20.139 20.724 0.011 20.659 0.005 20.423 0.004 20.255 0.003
50 59894 21.321 23.496 0.037 23.169 0.012 22.366 0.009 21.818 0.006
51 33949 18.196 18.663 0.004 18.590 0.003 18.429 0.002 18.319 0.001
52 67406 19.703 20.846 0.011 20.480 0.003 20.283 0.003 19.834 0.002
53 54325 21.693 26.103 0.143 25.971 0.082 24.887 0.043 22.150 0.008
55 42727 19.100 23.883 0.048 22.882 0.020 20.947 0.006 20.034 0.003
56 34951 21.218 25.758 0.137 25.174 0.086 23.832 0.029 21.535 0.005
57 49934 19.936 20.887 0.012 20.261 0.003 20.082 0.003 20.060 0.002
58 45989 19.611 23.302 0.031 22.088 0.009 21.138 0.005 19.974 0.003
59 60130 21.633 25.885 0.122 25.372 0.044 24.292 0.025 21.810 0.006
61 25745 24.280 26.496 0.286 26.391 0.127 25.197 0.061 24.329 0.035
62 35004 20.398 22.511 0.033 22.271 0.013 21.819 0.010 20.573 0.003
63 31301 23.845 30.147 7.485 25.851 0.089 25.132 0.057 24.371 0.041
64 30075 23.139 24.581 0.070 24.981 0.053 24.272 0.033 23.336 0.018
66 65555 21.721 25.481 0.119 24.648 0.033 24.136 0.024 21.966 0.007
67 17783 22.689 24.259 0.059 23.836 0.026 23.223 0.017 22.810 0.011
69 25429 21.955 25.709 0.140 25.404 0.076 24.389 0.039 22.469 0.011
70 28394 22.103 23.097 0.034 23.532 0.022 22.941 0.014 22.313 0.009
71 58275 22.233 23.094 0.035 22.601 0.011 22.501 0.012 22.348 0.010
72 29697 21.455 26.837 0.407 26.093 0.111 24.203 0.032 21.860 0.007
74 17208 19.354 24.329 0.063 22.774 0.021 21.459 0.008 19.846 0.002
75 63310 22.866 25.857 0.151 25.289 0.053 24.425 0.042 23.493 0.024
79 37913 21.555 23.936 0.051 24.030 0.047 23.302 0.027 22.014 0.008
82 34515 21.247 23.964 0.052 23.823 0.031 23.040 0.017 21.493 0.006
83 42599 21.367 25.007 0.077 24.604 0.049 23.383 0.020 21.519 0.007
85 66214 23.126 26.543 0.242 26.303 0.109 26.023 0.109 23.289 0.016
86 18647 22.427 25.258 0.134 25.485 0.067 24.289 0.031 22.761 0.011
87 34543 20.087 25.699 0.133 25.731 0.236 23.235 0.027 20.729 0.005
88 61988 22.784 24.803 0.068 24.672 0.028 24.003 0.021 23.073 0.013
89 35432 22.695 26.697 0.336 25.239 0.053 24.524 0.034 22.945 0.012
90 65240 23.037 26.297 0.165 25.458 0.054 25.545 0.065 23.760 0.022
91 25734 23.432 27.667 0.583 27.714 0.465 26.550 0.204 23.880 0.025
92 52922 22.283 25.644 0.113 24.669 0.031 23.915 0.021 22.517 0.010
93 65969 22.032 24.772 0.067 23.988 0.020 23.581 0.018 22.160 0.008
94 19012 24.151 25.458 0.176 25.879 0.087 25.063 0.053 24.410 0.037
95 69197 18.426 22.208 0.023 21.213 0.006 19.858 0.003 18.954 0.002



Table 4.7: (Continued)

XMM CFDF lTot U AU B AB V
97 85590 21.540 23.259 0.037 22.774 0.023 22.545
98 15693 19.692 24.862 0.080 22.824 0.015 21.614
99 76245 17.916 24.060 0.046 22.236 0.009 20.767
102 60656 22.618 23.540 0.037 22.576 0.009 22.496
103 23308 22.785 23.290 0.047 22.994 0.016 22.580
104 4623 20.130 21.190 0.014 21.147 0.008 20.631
105 79441 21.379 25.360 0.094 24.645 0.028 23.575
106 18587 20.820 23.401 0.052 22.828 0.014 22.035
107 42600 23.143 27.876 0.537 25.716 0.129 99.000
108 18555 15.978 17.022 0.003 16.079 0.001 15.676
109 16776 24.879 26.622 0.344 25.663 0.079 25.112
110 13827 21.745 23.003 0.043 22.759 0.014 22.183
111 51269 21.673 22.241 0.024 22.261 0.010 21.994
112 63545 21.542 25.140 0.098 24.470 0.030 23.531
113 31206 15.846 16.910 0.002 16.391 0.001 16.065
114 51372 23.747 99.000 28.900 99.000 27.420 25.784
115 73478 22.561 25.482 0.117 25.137 0.048 24.550
116 77033 17.319 22.573 0.023 21.042 0.004 19.616
117 56581 23.864 25.303 0.089 25.247 0.042 24.655
118 34410 21.188 23.482 0.040 23.363 0.028 22.665
119 64736 23.231 25.506 0.100 24.899 0.034 24.737
127 27813 20.686 23.484 0.041 23.146 0.025 22.288
128 54966 20.742 23.296 0.033 22.842 0.011 22.186
132 18082 21.398 23.234 0.036 22.982 0.016 22.411
133 63277 20.885 23.153 0.030 22.757 0.010 22.314
135 72587 22.028 23.860 0.041 23.099 0.012 22.874
137 54900 20.624 23.394 0.041 22.917 0.013 22.075
141 8503 19.659 20.331 0.013 19.949 0.003 19.730
142 10561 21.154 21.622 0.016 21.684 0.012 21.558
143 63681 17.666 22.299 0.024 20.402 0.004 19.274
144 47052 19.544 23.664 0.046 22.854 0.014 21.680
146 32896 18.197 21.600 0.017 20.884 0.006 19.695
147 69363 20.445 23.624 0.046 23.090 0.014 22.261
148 44072 19.979 24.554 0.057 23.498 0.019 22.170
149 52691 22.265 24.010 0.047 23.896 0.019 23.531
151 51768 25.536 99.000 28.900 26.481 0.115 27.660
153 56022 22.166 23.969 0.044 23.567 0.015 22.970
154 32679 22.549 27.366 0.471 25.803 0.206 25.213
65 69393 23.732 25.287 0.088 24.833 0.038 24.730
80 43006 25.724 26.615 0.193 26.385 0.135 25.412
122 59768 21.501 25.005 0.076 24.330 0.022 23.542

AV I AI
0.017 21.843 0.010
0.007 19.796 0.002
0.004 18.024 0.001
0.009 22.717 0.010
0.012 22.857 0.011
0.005 20.345 0.004
0.017 21.649 0.006
0.009 21.150 0.005
27.170 23.360 0.022
0.001 16.215 0.001
0.059 25.125 0.069
0.010 22.088 0.008
0.008 21.796 0.006
0.020 21.868 0.007
0.001 16.579 0.001
0.075 23.869 0.023
0.033 22.797 0.011
0.003 18.364 0.001
0.033 23.882 0.023
0.016 21.469 0.006
0.037 23.380 0.017
0.012 21.097 0.005
0.008 21.033 0.004
0.011 21.618 0.006
0.008 21.108 0.004
0.011 22.390 0.008
0.008 20.886 0.004
0.003 19.767 0.002
0.008 21.261 0.005
0.002 17.796 0.001
0.007 20.169 0.003
0.003 18.882 0.002
0.010 20.744 0.004
0.008 20.445 0.003
0.016 22.609 0.010
0.421 25.322 0.071
0.012 22.290 0.009
0.098 22.626 0.014
0.037 24.149 0.032
0.071 25.712 0.122
0.015 21.623 0.005

K AK

20.18 0.19

16.87 0.00

22.48 0.81

19.79 0.07
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Table 4.7: (Continued)

XMM CFDF \Tot U AU B AB V AV I AI K AK
129 48314 23.447 99.000 28.900 99.000 27.420 25.069 0.052 23.600 0.022
10 82156 24.416 25.157 0.091 25.807 0.092 25.527 0.082 24.557 0.042

115 73352 23.150 23.228 0.036 23.918 0.022 23.843 0.020 23.190 0.014
149 52467 21.073 24.253 0.053 23.505 0.015 22.750 0.010 21.393 0.005
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4.8 A ppendix

The work in this chapter depends heavily on the reliability of the photometric 

redshift estimation codes I use. There are two codes whose results are presented 

in this work, one by Benitez (2000) which uses a Bayesian approach and template 

fitting technique, called BPZ; and another that is developed by Mark Brodwin 

specifically for the CFDF (Brodwin et ah, 2003) utilising the CFRS to calibrate 

the template fitting. These two codes are slightly different and each have their 

strengths. This appendix is concerned with the reliability testing of these two 

codes. For a more detailed discussion of the CFDF code, and its reliability when 

compared against the CFRS spectroscopic sample, refer to Brodwin et al. (2003).

For reasons of timing the input to BPZ is from an older version of the CFDF 

catalogues than th a t employed for the specific CFDF code. Therefore this should 

be taken into account when comparing the two codes.

4.8.1 BPZ Photom etric Redshift E stim ation Code

This code has been tested by Gonzalez h  Maccarone (2002) and Benitez (2000) and 

has proven to be highly successful, but I use a different filter set and photometry 

from these studies and so it was prudent to re-test the code for my specific needs. 

I outline my procedure for these tests in this appendix.

Both fields have CFRS spectroscopic measurements for over 200 objects (Ham

mer et al., 1995a; Lilly et al., 1995a). I searched for CFDF (McCracken et al., 2001) 

counterparts to all CFRS objects that were not identified to be stars or QSOs and 

that had good spectroscopic measurements (classification 2, 3 or 4). The U, B ,
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Figure 4.9: Photometric vs. spectroscopic redshift for the 3-h (fig 4.9(a), 4.9(c)) and 14-h 
(fig 4.9(b), 4.9(d)) fields. The best fit gradients for 14-h field are 0.81 for U B V I  and 0.83 
for U B V IK .  The error lines shown are of the form where a = 0.14,0.06,0.1,0.07
for the sequence of plots (for the 14-h U B V I  plot this error ignores the two outliers, 
a = 0.19 if they are included).

V  and I  3" aperture magnitudes and errors were extracted for these objects from 

the CFDF catalogues together with the K  magnitude and error obtained from the 

CFRS catalogue. This resulted in 143 objects with U B V I  photom etry in the 3-h 

field, of which 112 also had reliable K  photometry, and 128 objects with U B V I  

photom etry in the 14-h field, of which 57 had reliable K  band photometry.

Filter transmission curves were obtained for the CFDF U B V I  photometry 

system and the CFRS K  band, adjusted as appropriate for the quantum  efficiency
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of the detectors and the transmission of the atmosphere. Four catalogues were 

prepared in total, U B V I  and U B V I K  for each field. These were run through 

the BPZ code using the total I band magnitude for each object as the prior (see 

Benitez, 2000, for a full explanation of the code).

Although the general trend is good the initial results are contaminated by a 

non-trivial number of catastrophic errors. Fortunately BPZ also provides a relia

bility estimator in the form of a probability measure which quantifies the spread of 

the redshift estimation likelihood (again see Benitez, 2000). By selecting only those 

objects with a reliability of P&z > 0.95 the majority of the outliers are eliminated. 

See figure 4.9 for the final plots for all four catalogues, they contain 106, 102, 98 

and 48 respectively after removal of the objects with P&z <  0.95 (i.e. 15 — 25% of 

objects removed).

Some interesting results can be seen in these plots. The most striking is that 

although the overall scatter of the 14-h field results are smaller than for the 3- 

h field the trends are significantly deviated from the expected 1:1 relationship. 

This is most likely caused by inaccurate U band photometry for this field, as a 

consequence of leakage from outside the desired passband. However, because this 

is a systematic effect it can be corrected for by dividing all the BPZ redshifts for 

the 14-h field by the gradient of the best fit line. The gradients are 0.81 and 0.83 for 

the U B V I  and U B V I K  catalogues respectively. A second interesting feature in 

the 14-h plots is the presence of a notch at a redshift 1 where BPZ tends to assign 

lower redshifts. This is likely to be caused by the 4000 angstrom break beginning 

to shift beyond the peak of the I band. It is not clear whether the addition of the 

K  band helps here because of the smaller number of objects with K  data.

Aside from the systematic effect seen in the 14-h field the results are encour
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aging. The scatter about the expected 1:1 line is comparable to or better than 

th a t found in Gonzalez & Maccarone (2002) (a = 0.14 for the 3-h field U B V I) .  In 

general the addition of K  data  does not appear to  significantly reduce the small 

scale scatter in redshift estimates, and so for my X-ray sources, of which the vast 

m ajority don’t  have K  data, this method is perfectly acceptable. Having identified 

the systematic effect in the 14-h data  this is corrected for in the main body of this 

work.

One point to note is the reduction in the number of significant outliers in the 

two plots th a t include the K  band data. There are two effects th a t contribute to 

this. The m ajority of the outliers do not have K  band da ta  and so do not appear 

in these plots. However, of the five significant outliers in the two fields th a t do 

have K  da ta  two of the photometric redshift estimates are dramatically improved 

while the other three remain roughly the same. For example, of the two outliers 

in the 14-h field one is fixed by K  data while the other is absent because it has 

no K  data. In addition, many objects th a t are removed from the U B V I  plots 

because of bad P&z values have better values after the addition of K  and, where 

the objects are outliers, nearly half have improved redshift estimates too. This can 

also be seen in the larger fraction of sources th a t have P&z > 0.95 in the U B V I K  

catalogues when compared to those with just U B V I .

In conclusion, for the most part U B V I  photom etry is perfectly adequate in 

order for BPZ to  produce acceptable redshift estimates. However, the addition of K  

band photom etry improves the estimates of some outliers and increases the fraction 

of reliable estimates. Therefore K  band data  should be used where available. 

Having said th a t, for the X-ray sources in my surveys this does not appear to be 

the case (see figure 4.11(c)), but since only a small fraction of the sources have K  

da ta  its inclusion, or not, has a marginal effect on the statistical properties of the
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whole sample.

Equivalent plots for the CFDF code can be found in Brodwin et al. (2003) 

(their figure 2). In comparison to BPZ the CFDF code redshifts fair rather bet

ter when compared to the CFRS spectroscopic sample, with fewer outliers and a 

smaller scatter (a ~  0.04 to I ab =  22.5, a ~  0.06 to Iab  = 24). There are also no 

systematic effects, as seen in the BPZ 14-h sample.

4.8.2 C FD F Photom etric Redshift E stim ation Code
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Figure 4.10: CFDF vs. BPZ photometric redshift estimates for objects that have reliable 
estimates from both codes (see text for details). All possible stars and known QSOs have 
been excluded, as have saturated objects with I a b  < 18.5.

The CFDF is currently extending beyond the original U B V I  survey to include 

additional R  and Z  photometry. These extra filters remove some potential red-
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shift degeneracies in certain galaxy tem plates and so should provide more reliable 

photometric redshift estimates. The CFDF photom etric redshift program is now 

underway with the full U B V R I Z  photom etry using a code developed by Mark 

Brodwin (Brodwin et al., 2003, which includes a thorough analysis of its reliabil

ity). As an additional check on the original estim ates I made with BPZ I obtained 

photometric redshifts for my identified X-ray sources from the CFDF photometric 

redshift program utilising these new catalogues.

Figure 4.10 shows the comparison between the redshift estimates made by the 

two codes for only those objects which had reliable estimates as judged by both 

of the in-code measures. Star like objects, known QSOs and saturated objects 

{Iab  < 18.5) (see catalogue tables) are excluded because photom etric redshifts are 

unreliable for these objects. In general the agreement is good, with 79% of objects 

agreeing to within a factor of 1.7. The agreement is also better for z < 1, where 

the m ajority of objects lie (72/94 CFDF; 77/94 BPZ) and where the peak in the 

number density of intermediate luminosity AGN is (Cowie et al., 2003). Assuming 

the CFDF redshifts are correct 7/72 z < 1 objects are given poor redshifts by BPZ; 

whereas assuming the BPZ redshifts are correct 13/77 z  <  1 objects are given poor 

redshifts by the CFDF code.

For the actual X-ray sources considered in this work only a handful have 

spectroscopically measured redshifts, with half of these being previously known 

QSOs. Figure 4.11 shows the results of the photometric redshift codes for all these 

objects. There is a clear problem in obtaining photometric redshifts for QSOs, 

both codes struggling to pin them down with any accuracy. However, for more 

optically normal AGN both BPZ and the CFDF code cope quite well for the most 

part. The 95% confidence limits are slightly better for the CFDF code however, 

and it also wins out over BPZ with fewer unreliable redshifts in my X-ray sample.
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Interestingly enough the inclusion of K  band data to the BPZ code does not have 

the same effect as I see in my tests of BPZ on the CFRS sources (above). Although 

the sample here is small it actually appears to have an adverse effect on the redshift 

estimations (figure 4.11(c)) rather than improving them as expected.

The CFDF code, being specifically designed for the objects used as IDs in 

this survey, seems the logical choice for obtaining redshifts for the X-ray sources. 

This is especially true given that it also takes full advantage of the more recent 

extension in the number of colours for the CFDF. This code does allow for the use 

of a Bayesian prior, like BPZ, although none was used in obtaining these particular 

results (instead the data itself is used to derive a prior for statistical analysis of 

the full sample). This may be seen as a slight disadvantage, since priors have been 

shown to be effective in reducing the number of catastrophic errors for individual 

galaxies (Benitez, 2000). However, the extra colour information used in the CFDF 

code should compensate for this to some degree, and my tests and those in Brodwin 

et al. (2003) show the CFDF code to be superior to BPZ in this situation.
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Figure 4.11: A series of plots to demonstrate the effectiveness of the two photo-z codes 
when compared to the handful of X-ray sources that have spectroscopic redshifts in my 
surveys. The left column (4.11(a), 4.11(c) & 4.11(e)) shows the results for the non- 
QSO X-ray sources. The right column (4.11(b), 4.11(d) & 4.11(f)) shows the results 
for the known QSOs. The top plots (4.11(a) & 4.11(b)) are BPZ results with U B V I  
photometry, the middle (4.11(c) & 4.11(d)) are BPZ results for the few U B V I K  objects 
and the bottom plots (4.11(e) & 4.11(f)) show the results for the CFDF code with 
U B V R I Z  photometry. The error bars in all cases are the 95% confidence limits around 
the best fit redshift.



Chapter 5

Two Point Angular Correlation  

Function of A G N

5.1 Introduction

Measuring the clustering of galaxies has long been a useful tool in quantifying phys

ical structure in the Universe and hence in testing theoretical models of structure 

formation. In particular, different cosmological models predict tha t the strength 

of the spatial clustering of galaxies will evolve in different ways over the history 

of the Universe; as such, measuring the clustering strength of galaxies at different 

redshifts is one way of distinguishing between these different cosmological models 

(e.g. Roche & Eales, 1999; Le Fevre et al., 1996; Brunner, Szalay, &: Connolly, 

2000). These measurements may also be used to test theories of galaxy formation 

and evolution by probing the evolution of, for example, merger rates (Roche & 

Eales, 1999). This treatm ent is not restricted to optically selected galaxies either. 

Every class of astrophysical source has, at some point, had some sort of clustering
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analysis performed on it, from radio sources (e.g. Cress et al., 1996) to gamma ray 

bursts (Brainerd, 1996). Comparing the clustering properties of different classes 

of objects reveals whether similar, or completely different, processes are at work, 

resulting in the observed similarities/differences.

Although there are many different ways of quantifying clustering, correlation 

functions have become a common standard, bo th  for their ease of calculation and 

their application to testing theories. The simplest is the two-point correlation 

function (Peebles, 1973) which can be expressed as an excess probability of finding 

two objects separated by a certain distance:

5P = N 2[l + W(r)]6V16V2

where 8P  is the joint probability of finding one object in the volume element 8V\ 

and a second object in the volume element SV2, which are separated by a physical 

distance r. N  is the mean volume density of objects in the sample. The function 

W (r)  is the two-point correlation function th a t quantifies the clustering strength 

at any given physical scale r.

In practice, without knowing the distance of every object in a sample it is 

impossible to calculate this function. Often it is more convenient to calculate 

the angular correlation function, which can be achieved with simply a list of sky 

coordinates:

SP = N 2[l + W(0)]8Q1SQ2

where the volume elements are replaced with elements of solid angle 5Q, separated 

by an angle 6. Essentially the function W  (6) is now the quantification of the physi

cal clustering having been projected onto the flat sky, with N  now representing the 

2-dimensional number density. It is possible to de-convolve this projection effect by
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inverting the angular correlation function via the Limber equation (Limber, 1954; 

Peebles, 1980) using an assumed, calculated or estimated redshift distribution for 

the objects in the sample. This is particularly useful for large optical surveys that 

may contain several hundred thousand galaxies, for which obtaining spectroscopic 

redshift measurements for every galaxy would be impossible.

This chapter concerns the measurement of the angular correlation function of 

the AGN in the 3-h and 14-h fields. This is motivated by previous studies of the 

clustering of AGN using RO SAT  (Akylas, Georgantopoulos, & Plionis, 2000; Tesch 

et al., 2000; Vikhlinin &; Forman, 1995; Carrera et al., 1998), and the fact tha t no 

equivalent studies exist using data from XMM.  Although the surveys in this work 

do not have the area coverage of the ROSAT  All Sky Survey (RASS) they do 

reach considerably deeper in terms of flux, so they still probe large volumes. X-ray 

sources may be useful tracers of large scale structure, including being an efficient 

way of tracing the distribution of normal galaxies (Barcons et al., 2001, 2000); so 

extending the clustering analysis of X-ray sources to deeper surveys is important 

for extending our knowledge of m atter distribution to higher redshifts.

5.2 Calculating W{9)

The simplest estimation of W(6) can be obtained by calculating the following 

quantity through Monte Carlo simulations:

w m  -  - 1

in a given bin i, which contains the range of angular separations 9—56/2 to 6+56/2. 

Here, D D  is the number of Data-Data pairs separated by an angle within the above



C H APTER 5. TW O  P O IN T A N G U L A R  C O R R E L A T IO N  FU NCTION OF
124 AG N

range, and D R  is the number of Data-Random  pairs calculated in the same way and 

normalised appropriately, where the random  objects are distributed as described in 

section 5.3. Effectively, for every real object in the sample, the number of objects 

within an annulus of a given angular radius, and angular thickness, are counted and 

compared to the number of randomly paced objects within th a t same annulus. If 

there is an excess of real objects over th a t expected from a purely Poisson random 

distribution, then the above quantity will be positive. The full evaluation of W (9) 

is the result of the summation of this process for every real object in the sample, 

in different angular bins.

This estim ator works well for large samples where errors are likely to be small 

but the sample in this work only contains a couple of hundred objects so a more 

reliable estim ator is used, introduced by Landy & Szalay (1993):

= D D - 2 D R  + R R  
v ' R R

This estim ator has a variance closer to th a t expected for Poisson noise than  the 

earlier expression. Here R R  is the number of Random-Random pairs calculated in 

the same way as D D  and DR.  If there are N g real objects and N r random objects 

in the analysis then N gg(9i) is the number of distinct galaxy-galaxy pairs in bin 

i, from a possible to ta l of ^ N g(Ng — 1) galaxy-galaxy pairs. Similarly N gr(0i) is 

the number of galaxy-random pairs from a to tal of N gN r pairs and N rr(6i) is the 

number of random-random pairs from a to tal of ^ N r(Nr — 1). The quantities in the 

evaluation of W (6) are normalised to the to tal galaxy-galaxy number such tha t

D D  =  D R  =  ^ z l Ngr(0t), R R  =
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As long as the number of random objects is very large, the error in W{9j) can 

be reduced to the Poisson error given by the number of distinct real pairs in a 

given bin. Hewett (1982) express this variance as:

2 _  [ i + w m

[W W )] =  « )

5.3 Generating a Random Population

The random population of X-ray sources must be distributed with some care before 

the evaluation of the correlation function can begin. Because the optical arrange

ment of each XM M  mirror module causes a significant amount of unavoidable 

vignetting towards the edge of the FoV, the sensitivity across each instrument is 

far from uniform. This variation in sensitivity needs to be taken into account when 

placing random sources so tha t the correlation function is not biased. For exam

ple, if a random population were placed on the X M M  maps with a pure Poisson 

distribution with uniform large scale density, there will appear to be an excess of 

real X-ray sources in the centre of the FoV compared to the edges, because of the 

greater sensitivity there (see figure 5.1). Since the random population does not fol

low this trend it will result in a biasing of the correlation function, as it will appear 

that the AGN are clustered in the centre of the exposure. Therefore, in order to 

cancel any instrumental biasing, the random population needs to be placed with 

a varying space density (although still following a local Poisson distribution) that 

reflects the expected observed distribution of randomly distributed sources. XM M  

will naturally detect more sources in the centre of an exposure, whatever the true 

underlying distribution.
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Table 5.1: ECF values for converting to full band flux.

Field PN ECF MOS ECF
3-h 3.161 0.9748
14-h 3.449 1.031

5.3.1 S en sitiv ity  M ap

SAS conveniently includes a task  designed to  generate sensitivity maps, called 

‘esensmap’, which can be used to create maps for all the X-ray instrum ents in any 

user defined energy band. I generate sensitivity maps in the full band (0.5 — 10 keV) 

because the source detection was also performed over this range. The task takes 

two exposure maps and two background maps, one for the soft and one for the 

hard band, as input, as well as a detector map to  mask unexposed areas. The 

output images are maps of the expected flux limit, in units of counts per second, 

which can be converted into a true full band flux using the ECF for the full band 

obtained in the same way as described in section 2.5.3. In this case the ECF values 

are shown in table 5.1. The PN instrument has a central flux limit approximately 

half th a t of the individual MOS instruments in both  the 3-h and 14-h fields.

Figure 5.1 shows examples of sensitivity maps for the 3-h field PN and MOSl 

instruments. The colour scale indicates the flux limit for each pixel in the map with 

the darkest regions showing the lowest flux limit, and hence greatest sensitivity. 

These maps do not follow exactly the same form as one would expect by considering 

just the exposure maps, (figure 2.5) because the local background is also taken into 

consideration when the task calculates the limiting flux at each point (although 

the exposure maps do play the most dominant role). Regions of higher background 

will reduce the sensitivity and hence increase the flux limit, an example of which 

can be seen in the upper right corner of the PN map in figures 2.5 and 5.1.
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Figure 5.1: Sensitivity maps for the PN instrument (left) and M0S1 instrument (right) 
for the 3-h exposure.

5.3 .2  X -ray  P op u la tion

A random source is generated at a random position within a square map covering 

one of the three XM M  instruments. Each source is also given a random flux such 

that a whole population of random sources will reproduce the observed number 

counts for real X-ray sources (e.g. Hasinger et al., 2001):

log N{> S) oc S -0-8.

This flux is then compared to the sensitivity map for that particular instrument at 

the random position to see if it would exceed the local detection limit. If it does 

then the source is placed in a list of detected random sources. This process is then 

repeated for another random source for one of the other two instruments etc.. When 

a total of 104 sources have been detected, by all three instruments combined, the 

list is considered complete. This process has several important effects. Firstly the 

sensitivity difference across each instrument is taken into account when producing
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the random source list, as described above; secondly the natural difference between 

the instrument types is also taken into consideration, with the PN instrument 

detecting more sources than either MOS instrument; finally, no sources are detected 

outside the instrument FoV or between the gaps in the CCD chips, as one would 

expect. The final random list ultimately gives an accurate representation of the 

sampling of the true exposure, which consists of a single exposure using data from 

all three instruments simultaneously.

Figure 5.2 shows the same sensitivity maps as figure 5.1 with the relevant 

random source lists overlayed. The better sensitivity of the PN instrument is 

evident in this plot as is the effect of a higher effective exposure time in the centre 

of the FoV.

Figure 5.2: An illustration of how the randomly generated source population is dis
tributed within the XMM  FoV. Notice how the better sensitivity on-axis leads to a 
higher density of random sources. The superior sensitivity of the PN instrument can 
also be seen.
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5.4 R esults

Because the aim of this analysis is to to measure the clustering strength of AGN 

rather than X-ray sources in general all possible stars are removed from the source 

list first. In chapter 4 I argue that probably half of the sources identified as stars 

are actually misidentified QSOs, but as we shall see in reality this makes very little 

difference to the analysis. I do not consider the 10-h field in this analysis because 

of the lack of deep optical coverage and hence lack of optical identifications for the 

10-h X-ray sources, but again including this data makes little difference.

The choice of bin size is fairly arbitrary, so initially I use logarithmically spaced 

bins such that A log(0) = 0.2. The results for both the entire AGN sample and 

the brightest half are shown in figure 5.3. It is immediately obvious th a t there is a 

striking lack of any sort of clustering signal, except in the 3-h field at separations 

of ~  11". However, this signal is due to only three close pairs which are separated 

by a distance only slightly larger than the X M M  PSF FWHM, and coupled with 

the complete lack of signal at any larger separations I am wary of this out-lier.

The two panels at the bottom of figure 5.3 are the results of taking error 

weighted means of the two individual fields, with the errors combined appropriately. 

However, this does not succeed in revealing any significant clustering signal.

The error bars give some indication of the number of pairs detected in each bin, 

so as the area of a bin increases the error bars naturally decrease until 0 ~  1 0 0 0 " 

at which point the separations are larger than  half the X M M  FoV, and so annuli 

around many sources lie partially off the map.

Selecting a subsample of only the brightest half of the full AGN sample ef-
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Figure 5.3: Examples of W{9) for the AGN in the 3-h and 14-h fields. Left panels show 
the full AGN sample, the right panels show only the brightest half of the AGN sample. 
No significant clustering is detected.
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fectively increases the flux limit of the survey, so making it less deep. This has 

the effect of reducing the uncertainty associated with projection, as in general, 

the brighter sources will be closer to us. Unfortunately the disadvantage of doing 

this is to reduce the number of sources in the sample and so increase the error 

bars accordingly. As can be seen from figure 5.3 no significant improvement in the 

clustering measurement is achieved by restricting the analysis to only the brightest 

half of the AGN sample.

Changing the bin sizes or using linear instead of logarithmic bins also makes 

no qualitative change to these figures. I also tested sub-samples of AGN with 

photometric redshifts within a small range of the peak in the redshift distribution 

(see figure 4.4) to reduce the effects of projection but again, what I gained in 

contrast I lost by having far fewer sources, and hence larger error bars.

5.5 D iscussion

The fact that there is no significant detection of clustering in this survey does not 

mean that AGN do not cluster. Several effects conspire to wash out any potential 

signal. The most significant of these is simply the small number of sources spread 

over such a large range in redshift. As observed in optical measurements of the 

angular correlation function, the clustering strength decreases as the survey depth 

increases (e.g. McCracken et al., 2001), a consequence of the projection of the true 

correlation function onto the sky. This X-ray survey is similarly disadvantaged, 

being deep enough to detect AGN over a large fraction of the history of the Uni

verse. This results in a small number of sources at any given distance, with, for 

example, 50 or so sources in a redshift slice of 8z = 0.2 at z — 0.7 (see figure 4.4).
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When these sources are spread over the 0.4 square degrees of the survey area it is 

hardly surprising th a t the error bars are so large.

These results are consistent w ith other studies of AGN clustering, using compa

rable numbers of sources (Carrera et al., 1998), th a t show no significant clustering 

for deep pencil beam R O S A T  surveys, and only mildly significant clustering (~  2a) 

for wider angle, shallower R O S A T  surveys. A better detection of AGN clustering 

was found by Vikhlinin & Forman (1995); using over 250 deep R O S A T  pointings 

(~  40 square degrees) this study found a ~  4a  detection of clustering on scales 

from 25" — 100". Vikhlinin h  Forman (1995) conclude th a t AGN are spatially 

distributed in the same way as normal galaxies and optically selected quasars. My 

results are certainly consistent with this conclusion, although with only two deep 

pointings compared to  250, my analysis is not in a position to  challenge it, even if 

the 1 0 -h field were included. Figure 5.4 shows a copy of figure 5.3(f) with the best 

fit line from Vikhlinin & Forman (1995) for their 40 square degrees, which has a 

flux limit approximately an order of m agnitude brighter than  the sample used to 

create this plot. Using a param eterisation of

they find 0q = 10" ±  8 " and 7  =  1.7 ±  0.3; this is shown by the solid line. In 

comparison, the best fit for the bright sample in this plot is 60 = 1 .6 " ±  2 .2 " 

having fixed 7  a t the value found for normal galaxies of 1 .8 , shown by the dotted 

line.

The R O S A T  all sky survey also detects significant clustering of AGN in the 

local universe, with a correlation length in comoving coordinates of Tq = 6 . 0  ±  

1.6 h~1 Mpc, similar to th a t found for normal galaxies (Brunner et al., 2000;
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Figure 5.4: W{6) for the total bright sample. The solid line shows the best fit results 
for the ROSAT study by Vikhlinin h  Forman (1995), while the best fit for my sample 
is shown by the dotted line.

Loveday et al., 1995), which suggests that AGN randomly sample the normal 

galaxy distribution and that the two populations have similar environments. This 

point is something I shall address in chapter 7 in much more depth.

In an attem pt to convert this physical correlation length to an appropriate 

angular scale length for my sample I use the Limber equation appropriate for the 

power law parameterisation W(8) = (0/0q) 1 - 7  (Peebles, 1980). The amplitude 0o 

can be related to the correlation length ro such that:

€(r,z) = (1 + z) (3+e\
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using

{ /
■oo 2

In these equations e parameterises the clustering evolution of the AGN, for example 

e =  0  represents clustering th a t is stable in proper coordinates while e = —1 .2  

would be clustering th a t is constant in comoving coordinates. H1 is a constant 

th a t is dependent on 7  and is obtained by using the Gam m a function such that:

For 7  =  1.8 this evaluates to 3.679.

y  is the angular diam eter distance and is related to  z  by this equation:

which needs to  be integrated numerically for non-zero cosmological constants. 

is the redshift distribution of the sample converted into the y  variable; in this case 

I assume th a t the redshift distribution in figure 4.4 adequately reflects the true 

distribution on the AGN in my sample. I also assume H 0 = 75 km s - 1  Mpc-1 , 

f lm =  0.3 and =  0.7. Making these last assumptions the function F(y)  = 1 , 

since

The detailed derivation of this specific case can be found in Peebles (1980).

Taking the value r 0 =  6.0 h~l Mpc my sample should have an amplitude of 

0q = 3.0" if e =  —1 .2 , and 0q = 1.3" if e =  0 . Both of these values are well within

r r(§)rpfi)
r(i)

y ( z ) =  f
Jo0 {[1 — (fAn +  f iA)] (1 +  Z 'Y  +  f^A +  ^ m ( l  +  2:')3}0'5

dz’

F(y)  =  [1 -  y 2(Qm + QA -  1 ) ] ° ‘5 =  [1 -  Q]0’5 =  1.
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the errors of figure 5.4 for my sample so I cannot, with any confidence, distinguish 

between these evolutionary paths.

The best way to obtain a reliable measure of the clustering evolution of AGN 

would be to perform a similar analysis to the above on a much larger sample. 

For example, the XMM-Newton Serendipitous Survey will detect many orders of 

magnitude more sources than my survey, with typically 50-100 sources per field 

and a possible 500-800 observations per year (Watson et ah, 2001). W ith an aim 

to identify a significant number of the serendipitously detected AGN, this survey 

should be able to detect clustering in the AGN population at different redshifts, 

and so be able to measure the clustering evolution explicitly. This will be a natural 

extension of the RO SAT  surveys of Vikhlinin k  Forman (1995) and Akylas et al.

(2 0 0 0 ), being deeper than both while covering an area of sky smaller than the 

RASS but much larger than the 40 square degrees of the Vikhlinin k  Forman 

(1995) study.
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Chapter 6

Searching for G alaxy C lusters

So far this thesis has dealt almost entirely with the AGN detected in the two main 

XM M  fields. However, galaxy clusters and groups can also be detected in X-ray 

surveys and appear as soft, extended X-ray emission, in contrast to AGN which 

are point like. This chapter details my work in detecting galaxy clusters, firstly 

using the X-ray data and then the optical catalogues of the CFDF maps. The 

CFDF work makes up the first half of this chapter, together with demonstrations 

of data  visualisation techniques.

As an extension to the CFDF work a more refined optical cluster detection 

technique is described in the second half of this chapter, in relation to the Chandra 

Deep Field - South (CDF-S). This refinement is made possible by the extraordinary 

quality of data available for this field that allows a more precise measurement of 

high redshift cluster properties. This work on the CDF-S may demonstrate some 

fundamental limitations for the large scale X-ray cluster searches th a t are currently 

underway.
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6.1 Introduction

Clusters and groups were first noticed as over-densities of galaxies on optical pho

tographic plates. They were found to contain varying numbers of member galaxies 

from small associations of a few galaxies to vast collections containing many thou

sands. The dividing line between rich clusters and poor clusters or groups has 

traditionally been defined as 30 galaxies brighter than  ra3 +  2m (where ra3 is the 

magnitude of the th ird  brightest cluster member) within a radius of 1.5h~l Mpc 

of the cluster centre (Abell, 1958). Rich clusters are then further subdivided into 

richness classes (R) based on the number of member galaxies th a t fulfil the above 

criteria, from R  = 0 for the least rich (30-49 galaxies) to R  = 5 for clusters con

taining more than  300 galaxies. The higher the richness number the less numerous 

th a t class becomes.

Only about 5% of all galaxies reside in rich (R > 0) clusters, bu t an im portant 

property is the high density of galaxies within them. The spatial density of bright 

galaxies within a radius of 1.5 h~l Mpc of a cluster centre is ~  200 times higher 

than  th a t of the field population (Dekel & Ostriker, 1999). This figure increases 

to 1 0 4 — 1 0 5 for the cores of the richest and most compact clusters making mergers 

and tidal interaction between galaxies, among other effects, much more common. 

Therefore, the evolution of cluster galaxies is fundamentally different to galaxies 

in the field, and so galaxy clusters provide excellent opportunities for studying 

mechanisms th a t change the properties of galaxies over the history of the Universe.

Galaxy clusters are the most massive gravitationally bound objects in the 

Universe, but it is not the cluster member galaxies themselves th a t provide the 

m ajority of this mass. In fact, clusters are dom inated by dark m atter with the 

remaining baryonic mass dominated by the hot intra-cluster gas th a t sits in hy
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drostatic equilibrium with the dark matter. This hot intra-cluster gas is respon

sible for the extended X-ray emission (due to thermal bremsstrahlung radiation 

from fully ionised plasma at typically several 1 0 7 K ) and is another very use

ful property of galaxy clusters (Rosati, Borgani, & Norman, 2002). Masses of 

clusters can be calculated by using both the gas and the galaxy population; as

suming virial and hydrostatic equilibrium both the hot gas and the ensemble of 

galaxies will respond to the same gravitational field and both methods produce 

compatible results for total cluster masses. These calculations show th a t typical 

clusters have masses of 1 0 14 — 1 0 15 h~l Me with the gas fraction only consti

tuting ~  0.03 — 0.15 fi_ L 5  (Dekel Sz Ostriker, 1999) (the mass fraction associ

ated with galaxies is typically ~  0.05 — 0.1). Therefore, the dark m atter is by 

far the most significant source of gravity, and both the gas and galaxies seem 

to trace the dark m atter potential, and each other, reasonably well. The mass 

to light ratios of massive clusters approaches that of the Universe as a whole 

( ( M / L b )duster = 300 ±  100 h (M / L b )q => Ddynanicai ~  0.2) suggesting th a t they 

do not have any more dark m atter associated with them beyond their own physical 

extent, unlike isolated galaxies.

In addition, the number and redshift distribution of galaxy clusters provides 

fundamental information about the cosmology of the Universe, because massive 

clusters are a direct probe of large scale structure formation (Press & Schechter, 

1974). Therefore, the motivation to search for galaxy clusters over a wide range 

of redshifts is clear; both galaxy evolution and cosmology can be investigated with 

the same objects, as well as being prime sites for the study of dark matter.

Any single method designed to look for galaxy clusters will have associated 

selection effects determined by the types of observation used to carry it out; for 

example, finding over-densities of galaxies on the sky is prone to contamination by
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chance alignments of galaxies in the same line of sight. Therefore, it is prudent to 

employ more than  one detection method to ensure th a t the selection functions of 

each can be properly quantified. In this chapter I use two complementary sets of 

da ta  for finding clusters in my fields: X-ray and optical. W here one m ethod may 

be insensitive to  clusters of a particular type or redshift the other m ethod can be 

used to fill in the gaps.

6.2 X -ray C luster D etection

There are many current studies employing X-ray surveys to  look for galaxy clus

ters and groups at high redshift (e.g. Lamer et al., 2003; Refregier, Valtchanov, 

& Pierre, 2 0 0 2 ; Bauer et ah, 2002), all using different detection methods. How

ever, essentially these different m ethods all boil down to  one crucial point: th a t 

galaxy clusters are extended soft X-ray sources. This property was first noticed 

in observations taken with the Uhuru satellite (Gursky et ah, 1971; Kellogg et ah, 

1971) which carried out the earliest X-ray sky survey (Giacconi et ah, 1972). Since 

then X-ray telescopes have increased in throughput and sensitivity allowing more 

distant clusters to  be detected and studied. R O S A T  is still responsible for the 

largest complete X-ray cluster catalogues (Ebeling et ah, 1998, 2000; Bohringer 

et ah, 2 0 0 0 , 2 0 0 1 ), bu t these catalogues only really stretch to  modest redshifts of 

z <  0.3. W ith X M M  and Chandra X-ray surveys are now able to detect clusters to 

higher redshifts (z > 1 ) than  optical cluster searches, with seemingly much greater 

reliability. This is mainly due to the much better contrast of the cluster X-ray 

emission against the background, unlike the heavy contam ination of high redshift 

clusters by field galaxies in deep of optical surveys.
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In this section I attem pt to evaluate various methods of detecting extended 

X-ray emission in my data, with the aim of finding a reliable method for studying 

high redshift galaxy clusters.

The canonical soft X-ray band (0.5 — 2 keV) has been shown to be very close 

to the optimum energy range for detecting clusters in X M M  data, out to z = 1 

(Scharf, 2002). This band maximises the signal to noise for clusters with plasma 

temperatures k T  >  2 keV while lower tem perature clusters or groups would re

quire slightly different energy ranges to achieve optimum signal to noise. However, 

because I am primarily interested in clusters rather than groups I use the soft band 

images in the following analysis.

6.2.1 E xtended Sources D etected  by E M L detect

The source detection routine described in Chapter 2 is optimised for point source 

detection but the maximum likelihood task is also able to calculate the likelihood 

of a source being extended. In the source detection I performed on all three CFRS 

fields this capability was turned on. No extended sources were detected in the 14-h 

field but several were detected in the 3 and 10-h fields. This detection algorithm 

was found to be less than ideal for detecting extended sources by Valtchanov et al.

(2001), so in order to verify the nature of the extended sources in the 3 and 10-h 

fields I re-analyse them using other techniques discussed by those authors. I do 

not repeat the work of these authors in thoroughly testing the different source 

detection procedures on simulated data, as my aim here is simply to show their 

efficacy in a few real cases.

A significant problem in detecting any astrophysical source is the presence
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of noise in an image. In the case of X-ray images the background level tends to 

be very low, with zero count pixels being a common occurrence. However, the 

sources themselves may also be very faint and detecting these sources is often a 

case of picking significant clumps of pixels out of the noisy background. Invariably 

the faintest source counts in X-ray surveys are contam inated by spurious detec

tions of regions where the background experiences a random  fluctuation, causing 

a chance clumping of pixels. I have tried to  minimise this effect in my source de

tection by setting the threshold for the detection probability deliberately high. As 

a consequence however, it is likely th a t I have missed many faint sources for the 

analysis of previous chapters. The following source detection methods, as outlined 

by Valtchanov et al. (2001), provide alternative ways of assessing the significance 

of a clump of pixels against the background.

6.2.2 G aussian Sm ooth ing  Technique

Smoothing da ta  has long been a useful m ethod of enhancing features in images 

th a t are comparable to  the size of the smoothing kernel. In the case of these X-ray 

surveys it also provides a way of evening out the rapidly fluctuating background. 

Although the signal to  noise ratio of an isolated source is increased this comes at 

the expense of degraded resolution, since a source with a nearby companion will 

have part of its flux spread out into its neighbour and visa versa. In effect the 

resolution of the convolved image is a function of both  the original resolution and 

the size of the smoothing function applied to it. For example, an image with a 

Gaussian PSF of width a, convolved with a second Gaussian of w idth b will have 

a final Gaussian width c such that:

2 2 , 12 c =  a +  b .
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So this technique has its obvious limitations. Despite this it is useful for a first 

look analysis as it is fast and easy to perform.

I follow the method of Valtchanov et al. (2001) and convolve my X M M  images 

with a Gaussian with FWHM =  12". I tested other smoothing scales but found 

1 2 " to be a good compromise between smoothing the background and enhancing 

source signal to noise for both point-like and extended emission. Heavier smoothing 

reduces the background noise more but at the expense of making nearby sources 

indistinguishable from each other. Since I am primarily concerned with source 

detection here, rather than full characterisation, I do not treat the different X M M  

imaging instruments separately. Instead I combine data from all three instruments 

before smoothing to provide the deepest possible exposures. Calculating source 

fluxes etc. would require a more rigorous approach, analysing data from the indi

vidual instruments to obtain specific count rates, which could then be converted 

into fluxes using the ECF values discussed in chapter 2.

Having smoothed an image I then perform the source detection algorithm 

SExtractor on it, running it through the image analysis package gaia. This is a 

very quick and easy way to perform source detection, most commonly used for 

optical data. However, with suitable input parameters it can be quite effective in 

detecting sources in smoothed X-ray data. The SExtractor algorithm searches for 

groups of joined pixels that exceed a given, user defined, threshold value and flags 

those regions as sources. This is similar to the sliding box method (see chapter 

2), although the requirement for the pixels to be adjacent makes SExtractor less 

suitable for unsmoothed X-ray data. Smoothing the image helps here because it 

effectively fills in blank pixels, allowing the SExtractor algorithm to operate more 

effectively.
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6.2.3 M ultiresolu tion  W avelet F ilterin g  Technique

An interesting m ethod also tested by Valtchanov et al. (2001) is a filtering technique 

involving wavelet transforms of varying scales. It comes as part of an image analysis 

package called M R/1 (Starck, M urtagh, & Bijaoui, 1998). I leave the detailed 

description of the specific algorithm used here to  Starck & Pierre (1998), who test 

this m ethod on simulated X-ray da ta  of a cluster, and use it to  characterise the 

X-ray emission from a real cluster detected with R O SAT .  There are many wavelet 

transform  algorithms th a t can be applied to  an image but the one I use here has 

been found to work particularly well in X-ray images, where the count rate for any 

given pixel is rather low (zero to  several) and so have Poisson noise characteristics.

Briefly, this wavelet filtering scheme uses the a trous (with holes) wavelet 

transform algorithm, whereby an image I (x ,  y) can be decomposed into a set of 

images (uq, ...,u;n,cn), each corresponding to  a different scale:

n

I ( x , y ) = cn(x ,y)  + y ^ j u j (x ,y) .
j =i

Statistical models are then applied to  the wavelet coefficients ujj(x, y) to  determine 

if they are significant, i.e. not due to noise. Retaining the significant coefficients 

and then reconstructing the image essentially creates a final image free from noise, 

while retaining all the significant structure on every scale w ithout degrading the 

final resolution. Sources within the image can then be considered as objects tha t 

are connected via significant coefficients on a number of different scales. Point 

sources will be primarily made up of small scales while diffuse sources will be 

dominated by the larger scale coefficients.

Optionally, the largest wavelet scale (representing large scale, slowly varying
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structure, or a diffuse background) can be omitted from the reconstruction process 

leaving a uniform background level of zero. This option is particularly useful 

when performing photometry as the sky has effectively already been subtracted, 

simplifying and speeding up the calculation.

6.2 .4  R esu lts  for th e  Lockm an H ole

Figure 6.1: Raw data (top), simple Gaussian smoothing (bottom left) and multi
resolution wavelet filtering with the background removed (bottom right).
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Figure 6.1 shows a section of the Lockman Hole X M M  da ta  th a t I obtained 

from the X M M  public archive and re-reduced. The top panel shows the raw, 

filtered, data  from all three instrum ents and two separate exposures combined 

giving a to tal exposure time of ~  67 ks. The pixel size in this case is 4". I 

chose this region to test the above cluster detection routines because it is known 

to contain a pair of high redshift clusters and a low luminosity group (Lehmann 

et al., 2001). The clusters are at z — 1.263 and appear to  be interacting with one 

another, while the group is a t a low redshift (z = 0.074). The two bottom  panels 

show the result of the different image treatm ents: the left panel has had a simple 

Gaussian convolution routine performed, using a w idth of FW HM =  12" , the right 

panel has been filtered using the multi-resolution wavelet filtering scheme M R/1.

Performing the SExtractor detection algorithm, run through the image pack

age gaia, on both  these images results in figure 6.2. Input param eters, such as 

noise threshold and number of joined pixels, can be tuned to  obtain the desired 

detection criteria. The SExtractor input param eters are different between the two 

images here because a noise threshold level is meaningless for the M R / 1  case, since 

only >  4<t significant structure is present in the ou tpu t image, whereas there is 

still a noisy background present in the Gaussian smoothed case. The detection 

param eters are almost infinitely tunable and so I have chosen param eters for each 

case such th a t the outputs are fairly similar here. As such, these sets of parameters 

may not be the optimum set for a general case, using either technique.

To determine if a source is point-like or extended the ‘seeing’ param eter can 

be entered into the SExtractor algorithm. This is then used by SExtractor to 

calculate a ‘stellarity index’ whereby a source is given a number between 0 . 0  (not 

at all star-like) an 1.0 (definitely star-like). In X-ray images the seeing quantity is 

fairly meaningless since there is no atmosphere through which the X-rays pass, but
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Figure 6 .2 : Simple Gaussian smoothing (top) and multi-resolution wavelet filtering (bot
tom) with sources detected by SExtractor indicated by green ellipses. Thicker ellipses 
show detections of the interacting clusters and the group detected by ROSAT.
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this quantity can be taken to represent the resolution of the telescope assembly. 

For X M M  the FWHM at the aim point is ~  6 " so this is a good place to start, 

but because the PSF changes over the FOV of the telescope this quantity needs to 

be fine tuned until the stellarity index gives a clear distinction between point-like 

and extended sources. Because of the variation of the X M M  PSF I take stellarity 

values close to 0 . 0  to  mean the source is extended, while any source with an index 

> 0 . 1 1  assume is not significantly extended (see figure 6.3 for an example of the 

source separation). The plotted ellipses in figure 6.2 are isophotal limits so bright 

sources appear larger than  faint ones, rather than  being any indication of actual 

extent.
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Figure 6.3: Histogram showing the distribution of stellarity index, CLASS-STAR, pa
rameters for the sources detected in the MR/1 filtered Lockman hole XMM  image. 
The interacting clusters and the group, circled with thick ellipses in figure 6.2, have 
CLASS-STAR values that fall in the furthest left bin. Most of the sources are point-like 
and so have CLASS-STAR values in the furthest right bin. Some sources have interme
diate values and these sources lie primarily towards the edge of the XMM  FoV making 
them hard to distinguish because of the broadening PSF.

The two sources outlined with thick ellipses are the interacting clusters and 

the low luminosity group previously identified by R O S A T  (Lehmann et al., 2001).
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Encouragingly, both these sources have a stellarity index close to 0.0 in both the 

Gaussian smoothed and MR/ 1  filtered images, implying that they are highly likely 

to be extended. The interacting clusters are clearly visible as the larger of the 

two highlighted sources. A certain amount of structure can also be seen in this 

source which I have highlighted in figure 6.4. The group is not so obvious, as it is 

very faint, but it is still detected by both methods, and shows some evidence for 

being extended. It should be noted that the stellarity index is also quite sensitive 

to the other detection parameters used so should not be taken to be a rigorous 

classification; rather it should be used as a broad guide in these cases.

Figure 6.4: Close-up of the interacting clusters in the Lockman hole. The left panel 
shows the Gaussian smoothed image, the right shows the wavelet filtered image.

Returning to the interacting clusters, figure 6.4 shows a region approximately 

2.5' across, centred on the pair. The left hand panel shows the Gaussian convolved 

image while the right hand panel is the output of the MR/1 filtering algorithm, 

retaining the background. The contours illustrate two things: firstly that the Gaus

sian image still contains a significant quantity of noise which the MR/1 filtering has 

removed, and secondly the structure of the X-ray emission. In both these images 

the X-ray emission of both clusters is apparent, with two cores visible, particularly
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in the M R/1 image. The core of the eastern cluster is detected as a separate source 

by SExtractor in both these cases (see figure 6.2, and is also not significantly ex

tended. This may indicate tha t the eastern cluster has a compact core, although 

it is entirely possible tha t this source may in fact be an AGN embedded within the 

cluster core.

Figure 6.5: Same as right panel of figure 6.4 but using data only from MOS instruments 
with no chip gaps running through the source.

There also appears to be ‘ta il’ of emission extending down to the South-East 

from the Eastern cluster. The exact structure of this emission is corrupted slightly 

by the presence of a chip boundary th a t bisects the ‘ta il’ in both of the PN frames 

used in the compilation of this image. Annoyingly, despite the two exposures 

having different aim points different gaps fall in exactly the same place over this 

particular source compounding the error. The gap itself is visible as a slightly 

darker diagonal stripe running from the top left corner to the bottom  centre in the 

Gaussian smoothed image in figure 6.4. The effect on the MR / 1  filtered image is 

less obvious but it has resulted in the ‘ta il’ being depressed slightly in the middle, 

making it look more like two separate sources, one of which being the possible
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compact core discussed above. Reanalysing this field with M R/1 using data from 

only the MOS instruments for the two exposures (removing the offending PN data) 

results in figure 6.5. The ‘ta il’ is now clearly absent and the Eastern core is no 

longer as compact. In fact, SExtractor now clearly separates the two clusters and 

detects both as being extended, while the group, which is still detected, is now too 

faint to be reliably classified as extended (due to the absence of the PN data).

This feature highlights the need for care when performing analysis on extended 

sources and in interpreting the results. The presence of an AGN embedded within 

the Eastern cluster is now less likely, and the ‘ta il’ has been shown to be a false 

structure. This feature is also noted in Hashimoto et al. (2 0 0 2 ) using the same 

XM M  data for this field.

In summary, I concur with the conclusions of Valtchanov et al. (2001) that 

the MR/1 filtering algorithm is an excellent way of searching for, and studying, 

galaxy clusters. The treatment of noise in the MR/ 1  algorithm is self contained 

and is easily controlled by the user, so the detection of significant sources and 

structure is much more transparent than when using Gaussian smoothing. There 

is also the cosmetic advantage offered by MR/1, which produces recreated images 

free of noise; the option to remove slowly varying backgrounds also makes source 

photometry very simple. With this in mind I now turn  to the X M M  exposures of 

the CFRS fields, namely the 3, 1 0  and 14-h fields.

For completeness, figure 6 . 6  shows a V R I  colour image of the Lockman Hole 

clusters with ROSAT contours overlayed, taken from Hashimoto et al. (2002).
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Figure 6 .6 : Figure 1 from Hashimoto et al. (2002) showing the ROSAT contours overlayed 
on a V R I  colour image. The cores of the two merging cluster are clearly visible in both 
the X-ray contours and the distribution of red galaxies. A bright lensed background 
galaxy is also visible near the centre of the Eastern core, which has a measured redshift 
of 2.57

6.2.5 R esults for CFRS fields

No extended sources were detected by EMLdetect in the 14-h field so this provides 

a good test to see if any could be extracted using the M R/1 filtering algorithm. 

A sample of the 14-h field is shown in figure 6.7 with both the raw soft band 

data and the filtered image displayed. In this example I have elected to keep the 

largest wavelet scale when reconstructing the filtered image to demonstrate the 

difference this makes compared to removing it (see figure 6 .2 ). Keeping the largest 

scale reproduces all the image characteristics present in the original, minus the 

noise, but removing this scale effectively removes any slowly varying background 

making source detection and characterisation much simpler. This example is only 

used as an illustration here, the source detection is run on the image without the 

background.
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Figure 6.7: Central South section of the 14-h field. The reconstructed image retains all 
the wavelet scales having been filtered, including the largest scale which represents the 
slowly varying background.

The 10-h field is rather more interesting as the EMLdetect routine finds an 

extended source in the South-East of the field. Figure 6 . 8  shows a sample of the 

10-h field containing this source along with the MR/1 filtered image, minus the 

background. The extended source is clearly visible in the lower left corner and 

SExtractor confirms that it is the most significantly extended source in this field. 

There is no deep optical coverage to confirm whether or not this is a cluster or 

group. Morphologically this region shows little to no structure and is very close to 

circular, indicating that this is a relaxed system.

Performing photometry on this source, using the MR/1 filtered image, gives 

a total number of counts of 211. This is less than the 352 counts estimated by 

the EMLdetect routine for this source. In contrast, the photometry for one of the 

point sources in this field is much closer, 100 counts with MR/1 and 90 counts 

with EMLdetect. Valtchanov et al. (2001) perform a flux recovery test as part of 

their analysis and conclude that MR/1 recovers the flux of extended sources more
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accurately than EMLdetect, and both methods are comparably good at recovering 

flux of point sources. Therefore, I assume th a t the photometry on the MR/1 image 

is the more correct result.

Figure 6 .8 : Central and South East quadrant of the 10-h field showing the MR/1 treat
ment of a region containing an extended X-ray source (bottom left corner of both panels, 
also see figure 2.11). The largest wavelet scale has not been included in the image re
construction, effectively removing the background.

The 3-h field also contains a number of sources th a t are classified by EMLde

tect as extended, virtually all of them surrounding the bright QSO in the South- 

West corner of the exposure. This region is shown in figure 6.9. The filtering 

treatment of this field is inconclusive, although the emission to the North of the 

QSO does show some evidence for extension whereas the emission to the East does 

not. Contamination from the bright QSO makes this very hard to interpret and 

again, it is unfortunate that this part of the field falls just outside the coverage of 

the CFDF maps. Being so close to the edge of the XM M  exposure also complicates 

the situation and I am inclined to believe th a t the broadening of the telescope PSF 

has a significant effect on the appearance of this region.
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Figure 6.9: Central and South West quadrant of the 3-h field showing the region con
taining the bright QSO mentioned in section 2.7.1, in the lower right corner (see also 
figure 2 .8 ).

6.2.6 Future Work

The MR/ 1  filtering method has been employed by the XMM  Large Scale Structure 

(XMM-LSS) survey (Refregier et al., 2 0 0 2 ) to search for galaxy clusters out to 

z  =  1, with good success. They perform a hybrid approach to fully characterise 

the source parameters, by passing the source list from SExtractor to the EMLdetect 

task, which then tests each source against a PSF model. It would be interesting to 

re-run the source detection for all of my XMM  surveys using this hybrid technique 

to see if the results are significantly different to the standard sliding box plus 

EMLdetect source detection method.
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6.3 O ptical C luster D etection

As mentioned above, galaxy clusters are very obvious in the nearby Universe and 

can be clearly identified simply due to  the high spatial density of optical galaxies 

compared to  the field population. However, as survey depths increase so does 

the density of objects on the sky, leading inevitably to  severe contam ination by 

foreground objects when looking for galaxy clusters. S tatistical tests can still be 

used to  identify significant collections of galaxies (O strander et al., 1998) but this 

does not remove the possibility of chance alignments of unassociated galaxies at 

vastly different distances. M ethods have been developed to  remove foreground 

contamination, such as identifying the early type galaxies th a t tend to form the 

core of rich clusters, and have a well defined sequence in two band colour-magnitude 

diagrams. This so-called red-sequence m ethod relies on the fact th a t any galaxy 

type, at a lower redshift than  the cluster, will have bluer colours than  the core 

galaxies, and so a simple colour cut can remove the vast m ajority of foreground 

galaxies for any given redshift (Gladders 8z Yee, 2000). The red-sequence is well 

defined for clusters because it is thought th a t all the early type galaxies th a t 

comprise the core of a cluster are formed a t the same time, and evolve passively 

thereafter. This means th a t they all have similar stellar populations and so also 

have similar SEDs. As long as the prominent 4000 A break is straddled by the two 

filters used, a t the redshift of interest, then models of stellar populations can be 

used to calculate the position of the red-sequence on the colour-magnitude diagram.

The cluster red-sequence works well for detecting high redshift clusters but it 

is not well suited for studying the whole population of cluster galaxies because it 

only detects the early type galaxies. If one is interested in studying the Butcher- 

Oemler effect (Butcher & Oemler, 1978), whereby the fraction of blue galaxies
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appears higher in higher redshift clusters, then late type galaxies must be detected 

too. Therefore, more inclusive photometric methods must be used to better sample 

cluster galaxy populations.

Full photometric redshift codes have been shown to work well in separating 

cluster members from the field when performing pointed cluster observations in 

several optical bands (Kodama et al., 2001; Dahlen et al., 2004). However, with 

the advent of large area, deep multi-band surveys, this sort of analysis is likely 

to be very useful for serendipitous cluster searches out to high redshift s. If near- 

IR bands are also included then the accuracy and range of redshifts accessible to 

these techniques will be even better, since at 2  > 1 the 4000 A break can only be 

straddled using IR filters.

However, detecting serendipitous clusters is more complex than simply using 

photometric redshifts to separate cluster members from field galaxies for a known 

cluster. If a cluster redshift is known then simply selecting galaxies with estimated 

redshifts near to the cluster redshift will remove a large fraction of the field con

tamination. But if one doesn’t know what redshift a cluster is at, or even if it 

exists at all, then this sort of treatment is not helpful. W ith this in mind I develop 

a fast and efficient method for detecting significant over-densities of galaxies at all 

redshifts, simultaneously, over an entire survey field. This will then allow more 

detailed analysis of individual regions to be performed using the other techniques.

6.3.1 M y Algorithm

For this work I use an updated and improved version of the BPZ photometric 

redshift code, superior to that used in chapter 4. After fitting a best fit model



158 CH APTER 6. SEARC H ING  FO R G A L A X Y  CLU STERS

tem plate to each galaxy, this new version also then quantifies the difference between 

the photom etry of each input galaxy and th a t expected from the best fit model 

tem plate. There are bound to be small differences for individual galaxies whenever 

there is an inexact fit to the best fit tem plate, bu t if there is a systematic error 

in the photom etry of the input catalogue then this will show up as a non-zero 

mean when the photometric differences are calculated for all the objects. The 

mean value of the differences for all the objects can then be used to apply counter 

offsets to the zero-points of the original photom etry in the input catalogue. I 

repeat the tests performed in section 4.8.1, on the CFD F objects th a t also have 

spectroscopic redshifts from the CFRS, and iterate the process many times until 

the mean offsets are small and the comparison of the spectroscopic and photometric 

redshifts is noticeably improved over th a t in figure 4.9. Figure 6.10 demonstrates 

the sort of improvement th a t can be achieved by altering the zero-point offsets. 

Figure 6.10(a) is similar to figure 4.9(b) for the 14-h field but now includes all 

128 objects with both  CFRS redshifts and CFD F photometry, leaving in objects 

with less reliable photo-z’s (Paz <  0.95). After altering the offsets the result is a 

reduction not only in the number of objects w ith catastrophic errors but also in 

the small scale scatter of the estim ates around the 1 :1  line (figure 6.10(b)). The 

systematic suppression of photo-z’s observed for this field (see section 4.8.1) is now 

also less apparent, although there is still a worrying feature a t 0 . 8  <  z c f r s  ^  1 

th a t has not been removed. There is also a reduction in the number of unreliable 

redshifts, from 24/128 to 9/128 with PAz < 0 .9 5 .

By using the CFDF U B V I  catalogues of the 3-h and 14-h fields I select a 

sub-catalogue of all the objects with significant detections in all four bands, and 

with I  band m agnitudes in the range 17.5 — 24. In principle all the objects in 

the catalogue could be used but for the purposes of this experiment I use only the
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Figure 6.10: Example of the effect changing zero-points on the photometric redshift 
estimation. The line is the 1:1 relation expected if the photometric redshifts matched 
the spectroscopic ones perfectly. The small scale scatter and the number of catastrophic 
errors is reduced but the photometric redshifts at z > 0.7 are still somewhat suspect, so 
this should be borne in mind for the later discussions of the 14-h field.

most secure detections with good photometry measurements to reduce the photo-z 

computation time while also ensuring th a t most of the estimates are reliable. I 

run this restricted catalogue (~  1/5 th  of the full catalogue), with the relevant 

alterations to the zero-points, through BPZ and then remove the sources with 

Paz < 0-90 to make the final catalogue as reliable as possible (a further loss of 

~  35% for the 14-h field and ~  48% for the 3-h field).

The final list of objects (10499 for the 14-h, 6826 for the 3-h field) now has a 

set of 3 coordinates R.A., Dec and z, which I shall abbreviate to x, y, z. I then 

convert the raw coordinates into a data cube array with a grid size of A xy =  0.6' 

and A z = 0 .0 2 . To do this I effectively smooth the data by placing a 3D Gaussian 

at each array point and summing the contribution from each object in the list, 

weighted by the value of the Gaussian function at the distance between the object 

and the array point. So an object close to the array point will count more than a 

more distant object. The value at the array point can then be viewed as some sort
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of measure of the local density of objects about th a t point. The overall redshift 

distribution is calculated in a similar way but w ithout the smoothing in x and y. To 

obtain an over-density value the difference is taken between each array point value 

and the corresponding mean redshift distribution value, so th a t the mean for any 

given slice in z is then zero. This over-density value is then scaled, such th a t the 

standard deviation of values in each redshift slice is equal to  1.0. Ultimately, each 

coordinate within the data  cube array contains a signal to  noise value th a t gives the 

statistical significance of the over-density of objects a t th a t point, relative to the 

mean value for the whole redshift slice. In other words, a statistic S  is calculated 

such that:
o N c - N b 

S D  ’

where N c and N b are the galaxy counts at each point, and the mean value respec

tively. S D  is then the standard deviation of the N c — N b array values. In this way 

the standard deviation of all the S  values in any given redshift slice is necessarily 

1 .0 . If an array point has a value S  = 3.0 then it lies 3 standard deviations away 

from the mean value.

I choose particular smoothing lengths for the 3D Gaussian with the aim of 

detecting high redshift clusters. Therefore axy is set to  1.0' (equivalent to ~  0.45 

Mpc at z = 1) and crz is set to 0.03 (slightly smaller than  the accuracy of BPZ in 

the 14-h field for 0 <  2  <  1), although variations of these quantities by a factor of 

2  does not really change the overall results by much.

The da ta  cube can then be loaded into an IDL program available from the IDL 

Astronomy User’s Library called SLICER3. This is a versatile da ta  visualisation 

program specifically designed to  deal with d a ta  cubes. It allows the data  to be 

sliced into planes of any orientation, so in this case slices in 2  are ideal. The cube
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can also be rotated in all three axes so that the data can be viewed from any angle. 

As well as slices the program can also display the data in a number of other ways, 

and can also output the array values at any specified point within the cube.

6.3.2 Points to  N ote

A side effect of using signal to noise, rather than absolute density difference, is that 

the mean redshift distribution may have a profound effect on the sensitivity of this 

method to different richness clusters at different redshifts. For example, detecting 

clusters at z = 0.9 may in fact be easier than detecting clusters at z = 0.6 because 

the redshift distribution peaks at z ~  0.6 for the CFDF catalogues. Therefore, 

more galaxies are required to produce an over-density of a given signal to noise 

than at the higher redshift, where there are far fewer galaxies in general (e.g. 1 0  

galaxies on top of a mean of 1 0 0  is far less significant than 1 0  galaxies on top of 

a mean of 5). Of course, this effect will be balanced to a certain extent by the 

dimming of the galaxies in a more distant cluster, so th a t fewer will be detected for 

inclusion in the input catalogue (plus the photometric redshifts of faint galaxies 

are less likely to be reliable anyway). At present the selection function for this 

technique is not at all well defined and this is something th a t would need to be 

calculated in any future work on this data.

In this first example the smoothing lengths axy and oz are constant with 

redshift but this is not necessarily the optimum method. The smoothing length 

of 1 .0 ' is equivalent to different physical scales at different redshifts, so to be 

consistent axy should really be a function of z to give a constant co-moving or 

proper distance smoothing scale at every redshift (see examples below). Also, the 

accuracy of photometric redshift codes tends to be a function of z  too, and so az
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should vary as well.

For the purposes of this experiment though These details are unim portant as 

I am not attem pting to obtain reliable science a t this stage; th a t would require a 

better understanding of the selection function of this algorithm. For now I simply 

use this particular set of param eters to  dem onstrate the technique.

6.3.3 R esu lts

Because the 14-h field seems to be generally more conducive to photom etric redshift 

treatm ent than  the 3-h field (see figure 4.9) I address the 14-h field here as an 

example. Figure 6.11 shows a SLICER3 cut through the 14-h d a ta  at z — 0.88, 

the redshift slice th a t contains the most significant over-density in this field. The 

bright blob near the bottom  is a fluctuation with a peak of 6 .8 cr, centred on R.A. 

14:16:54, Dec. 52:14:24.

This region is clearly unusual and it is possible th a t it is a newly discovered 

galaxy cluster. The redshift is also highly significant because few clusters have 

been found at such high redshifts. However, there is no apparent extended X-ray 

emission associated with this region, so it is possible th a t either the cluster has quite 

a low ICM tem perature and X-ray luminosity (kT  <  2  keV, L x  <  1043 er§ s_1) or 

simply doesn’t exist at all. If it is the first reason then this is very im portant as it 

shows th a t clusters with low X-ray luminosities can be detected using this method, 

when they would be missed by X-ray surveys. W ith significantly different selection 

functions these two methods - X-ray and photo-z - can provide complementary 

information on the true redshift distribution of galaxy clusters. Of course, the 

second possibility cannot be ruled out as a 6 .8 a  fluctuation can still happen through
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Figure 6.11: Slice through the 14-h data cube at z ~  0.88. North is up and East is left. 
This covers approximately the same area as the XMM  survey, the approximate extent of 
which is shown by the green circle, (see also figure 2.9) and is oriented in the same way.

chance, albeit highly unlikely. This region must be reevaluated when the selection 

function for my algorithm is fully understood.

From the peak at the centre of the region to an edge defined by a 3cr level, the 

region is ~  2.5' in radius (~  1.1 Mpc at 2: =  0.88), which is fairly typical of galaxy 

cluster radii.

D a ta  V isualisation

Figures 6 . 1 2  and 6.13 are special figures designed to appear in 3 dimensions when 

viewed in a particular way. Not everyone can achieve the desired effect but the
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best m ethod to  view these images is as follows. The idea is to make your left 

eye see the right hand image, while your right eye sees the left hand image. By 

holding the page a t arms length, cross your eyes, while looking at the centre of the 

figure, so th a t two images of the figure are formed and cross over to appear as two 

pairs of cubes. Slowly uncross your eyes until the two closest cube images overlap, 

leaving just three cubes. Concentrate on the central cube and slowly bring it into 

focus, using the edges of the cube as a guide. W hen the central cube is in sharp 

focus it should appear as if the image is in 3D with the da ta  spread throughout 

the confines of the box.

If this m ethod doesn’t work an alternative is to place a finger vertically between 

your face and the figure on the page, to act as a focus point. Move your finger 

forwards or backwards, m aintaining your focus on it, until only three images of the 

cubes are visible in the background. This will give you an idea as to where your 

eyes should be pointing while you refocus them  to  bring the central cube image 

into sharp focus. Eventually you should be able to  remove your finger from your 

line of sight w ithout losing your focus on the 3D cube image.

These figures aren’t really any more than  a gimmick, although it does demon

strate the speed with which a large survey area can be visually inspected for sig

nificant over-densities of galaxies. The SLICER3  program can display the data  in 

many ways including plotting iso-surfaces around high density regions. For exam

ple, to find all the >  3a  over-densities in the da ta  a 3a  iso-surface can be plotted 

which immediately highlights the regions of interest, as is shown in figure 6.13. 

Each individual region can then be investigated using the technique commonly 

used for pointed cluster observations, using the rest of the survey to provide a 

suitable field subtraction.
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Figure 6.12: A 3D view through the 14-h data cube. The 6 .8 cr fluctuation is clearly 
visible near the top front of the cube.

Figure 6.13: An alternative 3D view through the 14-h data cube, showing all 3a iso
surfaces. The orientation is identical to figure 6.12.

For example, the 6 .8 a  fluctuation in this field is equivalent to an excess of only 

about 15 galaxies above the 4 or so expected for that area, calculated from the 

mean of the whole redshift slice. The brightest few ‘cluster’ galaxies are all early
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types, and although there is no dominant central galaxy these brightest galaxies 

are within 0.25 Mpc of the peak of the over-density. The brightest galaxy has 

an apparent I ab  magnitude of 21.15, giving it an absolute magnitude of -23.54 

assuming it is at z = 0 . 8 8  and is an elliptical (the best fit param eters given by 

BPZ); this is about a magnitude brighter th an  an L* galaxy. Figure 6.14 shows 

the I  band image of this region showing the distribution of galaxies in the redshift 

range [0.78 : 0.98]. It is clearly not representative of a relaxed and spherical cluster 

and appears to  be closer in appearance to an irregular cluster, even down to the 

high spiral galaxy fraction (f sp > 0.5). This is a possible explanation for the low 

X-ray luminosity, as irregular clusters tend to  be less X-ray bright than  regular 

clusters.

It is possible th a t the Cluster Red Sequence m ethod would successfully de

tect this over-density but there are only 5 elliptical galaxies within 0.5 Mpc of the 

over-density peak making it unlikely. The expected background value is 1.13 ellip

ticals for the same area, giving a Poisson significance of (5 — 1.13)/\/T.13 =  3.6cr. 

Although reasonably significant this is much less than  the (20 — 3.5)/\/3-5  =  8 .8 <r 

Poisson significance of the over-density when including spiral galaxies too (see sec

tion 6.5 for the application of this alternative statistic to the data-cube algorithm).

Of course the m agnitude limit imposed on the initial selection of objects from 

the CFDF catalogue potentially causes many of the fainter cluster galaxies to be 

missed, so I must assume th a t a large fraction of the true population of this region 

are not detected. Even so, at least two thirds of the galaxies must have been 

overlooked for this ‘cluster’ to be classified even as high as richness 1 (see below). 

This is not unreasonable however, so I tentatively suggest th a t this region is in 

fact a low richness cluster. This could also help explain the lack of detectable 

X-ray emission associated with the region. If the cluster is low richness then
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Figure 6.14: I  band image of the 14-h field over-density at z = 0.88. The green circle 
encompasses the peak of the galaxy over-density and has a physical radius of 0.5 Mpc 
at z = 0.88. Red circles show the reddest galaxies (E and Sbc, from the BPZ best fit 
templates) and cyan circles show the bluest (Scd-starburst). The brightest few galaxies 
are ellipticals.

the X-ray luminosity is also likely to be low (~  1043 erg s-1, bolometric) as is 

the temperature (kT  ~  2 keV), given the measured correlations between richness 

and X-ray luminosity and tem perature (Dekel &; Ostriker, 1999). However, the 

uncertainty in the true richness of this cluster leads to even larger uncertainties 

in these estimates. The large K  correction associated with high redshift galaxy 

clusters in the X-ray will cause very low temperature clusters to be missed by even 

deep XM M  exposures, especially given the high off-axis position of this cluster in 

the XM M  FoV (~  10.5'), so this is the most likely explanation for the lack of



168 CH APTER 6. SEARC H ING  FO R G A L A X Y  CLU STERS

detection in this case.

6.3 .4  M easuring th e C luster R ichness

A more rigorous measure of a clusters richness can be obtained by measuring the

2 -point angular correlation function of the galaxies in the vicinity of the cluster cen

tre, using a similar technique to th a t employed in chapter 5. The am plitude of the 

correlation function can then be equated to  an Abell class, using the prescription 

of Yee & Lopez-Cruz (1999) or McLure & Dunlop (2001).

Initially I separate out all objects from the reduced CFDF catalogue with 

photometric redshifts in the range 0.78 <  z  <  0.98. This isolates the redshift 

slice containing the over-density and hence enhances the contrast of it against the 

background and foreground field galaxies. I assume th a t all the cluster member 

galaxies lie within this photom etric redshift range as the errors in the redshift 

estimates are less than  A z  =  0.1 for this field. I then calculate the am plitude of 

the correlation function by assuming it takes the form:

and th a t 7  =  1.77, the canonical value for the field galaxy population (Groth & 

Peebles, 1977). The am plitude can then be estim ated directly from the data  by 

counting the galaxies within a circle around the centre of the cluster. By integrating 

wifi) out to a radius 6 the following expression is obtained:

where N tot is the to ta l number of galaxies w ithin the circle of radius 9 and N j, is

WcgiP) = A cg9 ^
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the number of background galaxies expected to be found within the same circle. 

This is essentially the same as the method used in chapter 5 except now only a 

single circle is counted rather than a series of concentric annuli.

For this particular over-density I count galaxies out to a radius of 6 = 1.153'

which corresponds to a physical radius of 0.5 Mpc at z = 0.88 in my assumed

cosmology. There are 20 galaxies in this circle with an expected background count 

of 3.5, calculated from the remaining survey area of 30' x 30'. This gives a value 

A cg =  6.12 x 10" 3 => 0O =  4.6'.

The value A cg is the angular clustering amplitude between the cluster centre 

and the surrounding galaxies (equivalent to #o_1) but what we are really after is 

the spatial clustering amplitude B cg (=  r j) ,  which gives the strength of the true

3-dimensional 2-point correlation function:

€ c g ( r ) —  B c g r  7 •

I convert from A cg to B cg in the same way as Wold et al. (2000) by using the 

following relation:
_ NgAcg ,7 - 3  

C9 <£>(raZim, 2:)/7 9

where Ng is the mean surface density of galaxies per steradian, d$ is the angular 

diameter distance to the cluster and / 7 =  3.78 is an integration constant. The final 

quantity, <F(ra/im, z) is the integrated luminosity function (LF) of galaxies at the 

redshift of the cluster, down to  some limiting magnitude defined by the survey.

poo
®{mum,z ) =  /  4>(L)dL.

J L(mu™ .z)HjTlUm

I use the Schechter luminosity function defined in Barr et al. (2003) for the I  band,
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with M j = —22.65, a  = —0.89 and (/)* =  0.0052. By integrating the LF down to 

I a b  — 24 at 2  =  0.88 (Mum =  —20.14 for an Sbc galaxy) I obtain the value 

=  0.0085 M pc-3 . The Detailed derivation of the conversion from A cg to  B cg can 

be found in Longair & Seldner (1979).

The main advantage of selecting only galaxies within a redshift slice of 0.78 < 

z  <  0.98 is th a t it significantly reduces the error associated with the number of 

background galaxies. This is given by:

A A c g  =  A Bcg =  \ {N tot -  N b) +  1 . & N by / 2
A cg B cg N tot — Nb

(Yee & Lopez-Cruz, 1999), the 1.32 factor coming from deviations of the field 

galaxy population from a true Poisson distribution (because they are clustered). 

Ultimately I obtain a value B cg = 237 ±  69 M pc1-77, although the error is likely to 

be greater than  this because of the uncertainties in the true form of the LF.

Now, to  convert this clustering am plitude to an equivalent Abell richness I use

two calibrations. Yee & Lopez-Cruz (1999) would class this am plitude as Abell

class 0, their lower limit being B cg ~  195 M pc1 77  (after correcting for their different 

cosmology). McLure Sz Dunlop (2001) would also equate my value of B cg to Abell 

class 0 (146 <  B cg <  341).

6.3.5 C orrecting for Incom pleteness

Because I perform the above analysis on only galaxies with good photometric 

redshifts (P&z > 0.9, I ab  < 24) the results will be affected by a degree of in

completeness in the catalogue. This effect is illustrated in figure 6.15. At bright 

magnitudes essentially all the galaxies have reliable photom etric redshift estimates.
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At the fainter limit, photometric errors cause many of the galaxies to have unre

liable redshift estimates, and so these are lost from the reduced catalogue; at 

I a b  =  24 the full CFDF catalogue, which is still complete (and remains so to at 

least Iab = 25), contains over twice the number of galaxies as the reduced sample. 

Therefore, to ensure that the results in this section are not biased it is necessary to 

correct the reduced sample by the incompleteness factor at any given magnitude. 

To do this I simply multiply the number of galaxies of a given magnitude by the 

ratio between the two catalogues when it is counted, in both the cluster vicinity 

and the background.

5
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Figure 6.15: Comparison of number counts, in half magnitude bins, between the full 
14-h CFDF catalogue and the reduced sample containing only Iab < 24 galaxies with 
good photometric redshifts. The difference between the two catalogues shows the level 
of correction required by the reduced sample to account for its incompleteness.

After correcting for incompleteness the clustering amplitude increases to B cg = 

368±86 Mpc177 which pushes it into the lower range of Abell Class 1 clusters under 

the scheme of McLure &; Dunlop (2001).

This is reassuringly similar to my earlier argument and increases my confidence 

in the nature of this region, tha t it is at best a low richness cluster and hence has
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low X-ray emission. Alternatively, it is possible th a t this over-density is actually a 

filament, viewed in projection and in the process of forming into a cluster, which 

is therefore unvirialised and will have lower X-ray emission than  an equivalent 

virialised cluster. Objects of this type will be more common at high redshifts than 

in the local Universe, assuming the hierarchical merging paradigm  is correct, and 

so it is entirely possible th a t this is the case here. The fact th a t such a region is 

detected by my m ethod is encouraging as it is likely to  be a very sensitive way of 

detecting high redshift clusters th a t are in the process of forming and are therefore 

undetectable by X-ray methods.

6.4 D iscussion

At the time of writing this data-cube technique is intended to be viewed more as 

a visualisation dem onstration, rather than  for use in serious scientific application. 

In order to  assess the usefulness of such a technique it needs to  be thoroughly 

tested to obtain a reliable selection function. This can be done the brute force 

way by using simulated galaxy catalogues, and against d a ta  of real galaxy clus

ters and groups. It would be fairly straightforward to generate a fake survey of 

any size, containing a realistic number of galaxies with a suitable range of types 

and luminosities. Then, catalogues could be generated in any number of filters, 

applying appropriate photom etry errors, which could then be run through a photo

metric redshift estim ation code. By placing clusters and groups of known richness, 

at known redshifts throughout the artificial survey, it could be determined exactly 

how effective the technique is at detecting these over-densities. Param eters such as 

the smoothing scales <jxy and az could then be fine-tuned to optimise the detection 

of relevant structures. This technique could also allow the optim isation of a given
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survey. For example, to detect clusters at 2  =  2 a UV filter is not as important as 

an IR filter, tha t much is obvious; but this technique could also tell you exactly 

how deep each filter should be for any given science goal. Ultimately a reliable 

selection function could be determined for galaxy clusters of any richness at any 

redshift and for any combination of photometric filters. They would also enable 

me to better classify the 6 .8 cr fluctuation in the 14-h field, as I would know how 

many galaxies should be detectable from a given input cluster. This would give 

a second check on the measurement of the Abell richness class of the cluster and 

would ascertain how reliable the clustering amplitude method is at estimating this 

quantity. Alternatively, assuming that the B cg method is reliable then an analytic 

selection function can be determined by calculating the expected galaxy excess 

associated with clusters of different richness and at different redshifts. This excess 

can then be turned into an equivalent sigma value.

The simulations could also be used to assess whether or not it would be better 

to perform the algorithm on only the early type galaxies, omitting all galaxies 

with late type SEDs from the smoothing process. Since early type galaxies tend 

to populate the cores of galaxy clusters their density contrast against the field is 

much larger than late type galaxies. Although this situation may be less significant 

in higher redshift clusters, due to evolutionary processes, which would lead to an 

underestimation of cluster number counts at large redshift if this effect were not 

taken into consideration.

The biggest advantage this cluster detection technique has over any previous 

method is that it works better for larger surveys. Because the signal to noise 

value at any given point is determined from the actual data in the relevant redshift 

slice, the larger the area of the survey the more accurately the signal to noise values 

reflect reality. Since an over-density can only be measured as such when contrasted
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against a well determined mean, if a survey contains a single huge over-density then 

it will effectively wash itself out because it will raise the mean value for the entire 

redshift slice it resides in. In a large survey, any individual over-density will be 

only a small region within a redshift slice and will not adversely affect the mean 

density value. Also, edge effects will be correspondingly less significant for larger 

surveys, since the area/circumference ratio  scales w ith the survey size.

6.5 Chandra  D eep  F ield  - South

Large m ulti-band optical surveys are now becoming commonplace and many of 

them  are being made publicly available. This provides an ideal extension to this 

work because fortunately all the really hard work - reducing and calibrating the 

very large and varied da ta  sets - is accomplished prior to  a survey being made 

public.

A prime example of this is the now public COM BO-17 d a ta  of the Chandra 

Deep Field - South (CDF-S) (Wolf et al., 2004). This superb d a ta  set comprises 17 

optical filters, bo th  broad and medium bands, which effectively create a very low 

resolution spectrum  for each source running from 350 to  930 nm; and of course, 

this is ideally suited to  photom etric redshift treatm ent. In a sense a half way house 

between the photom etric redshifts described in this work and full on spectroscopy 

this technique is an excellent compromise between observing time and number 

of objects with reliable redshifts. The photom etric redshifts for the COMBO- 

17 data  (conveniently included in the catalogue together with uncertainties and 

source classification amongst other param eters) are good to within 2 % (8z/{l  + z)) 

for galaxies with R  < 22 (degrading slightly for fainter magnitudes), easily good
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enough for large statistical studies.
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Figure 6.16: R  band image of the COMBO-17 field, coincident with the Chandra Deep 
Field-South, overlayed with a colour representation of the galaxy distribution. Blue is 
z= [0.1:0.3], green is z=[0.3:0.6] and red is z=[0.6:0.8].

As a brief demonstration, figure 6.16 shows the R  band image of the CDF-S 

COMBO-17 data, overlayed with a projection of smoothed galaxy density, calcu

lated using my data cube algorithm (limited to R < 23). The different colours 

represent different redshift intervals: blue is z=[0.1:0.3], green is z=[0.3:0.6] and 

red is z=[0.6:0.8]. The physical smoothing length is 0.5 Mpc for red and green but

0.25 Mpc for blue (because at low z the smoothing length on the sky gets very 

large if kept to 0.5 Mpc). The smoothing length in redshift space is a function
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tha t is equal to the error in redshift for a given individual galaxy (but with a min

imum smoothing length of 0 . 0 1  in z, the spacing between redshift slices), i.e. if a 

galaxy has a redshift error of 0 . 0 2  then th a t particular galaxy will have a Gaussian 

probability function in redshift space with <j z  =  0.02. W hen it is counted towards 

a particular array point its distance from th a t point in both  redshift and on the 

sky determines how much th a t particular galaxy counts towards th a t array point.

For this da ta  cube I restrict the analysis to  a square of 24.75' x 24.75' (resulting 

in a grid of 100 x 100 array points separated by 0.25') to  give a clear 2.5' between 

the edge of the smoothed map and the edge of the optical coverage. This reduces 

the edge effects associated with loss of galaxies in the smoothed map near the 

boundary (see figure 7.5 for an example of this effect in the 14-h CFDF data). 

W ith the edges removed the noise measurement w ithin the smoothed map should 

also be more representative of the true galaxy distribution, and not artificially 

increased because of the low density values round the edge. In a sense this is a 

refined version of the algorithm  I perform on the 14-h CFDF data.

There are two regions with very high galaxy density fluctuations in this map. 

They are the brightest coloured regions and both  are in the top left corner. One is 

at z = 0.47 (green) the other is a t z — 0.74 (red). R ather than  show another 3D 

cube I elect to  present the d a ta  here in this projected form to dem onstrate tha t 

there are many ways to  visualise data.

6.5.1 A n A ltern ative S ta tistic

Because of the excellent quality of the COM BO-17 photom etric redshift catalogue - 

significantly better than  the photom etric redshifts in my CFDF studies - I produce
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two data cubes here using two different statistics, as a comparative test.

The first method I use is identical to tha t used in the CFDF study above and 

acts to normalise the noise in each redshift slice so th a t the standard deviation of 

all the values is equal to 1.0; I shall call the subsequent data  cube values obtained 

using this method statistic A and, as a reminder, the value at each point can be 

expressed as:
0  N c -  N b
A SD  '

where N c is the value at each point after the initial smoothing and N b is the 

background value, or mean of all the points within each redshift slice. SD  is 

the standard deviation of the values in each slice after having the mean value 

subtracted away (i.e. the standard deviation of all the numerators in the above 

expression for each slice).

The alternative method (statistic B) can be summarised by the following ex

pression:
C N c -  N b
S b ~ — W

where N c and Nb are the same as before. The denominator in this case is effectively 

the Poisson noise for each redshift slice.

In general the two statistics give similar results as to the significance of a partic

ular over-density; however, there are slight differences between the two depending 

on the properties of the galaxy distribution within a given slice. Figure 6.17 and 

table 6 .1  demonstrate the differences.

Interestingly, redshift is not as big a factor as one might expect. The lines 

corresponding to z = 0.20 and z = 0.92 are significantly different in their slopes. 

Both have similar background density values (see table 6.1) so it is purely the
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Figure 6.17: Comparison of the two statistics used to quantify structure in the data-cube 
technique. Identical results would follow the 1:1 line and in general the two statistics 
agree fairly well. Differences in the slopes of the plotted lines are the consequence 
of differences in the physical structure at a given redshift, rather than, for example, 
background galaxy counts.

dumpiness of the galaxy distribution in each slice th a t leads to the differences, 

quantified by the standard deviation of the final values in those slices. This is only 

partly due to the difference in redshift in this case because the smoothing length 

at 2  =  0.2 is over twice as large as at z  =  0.92. However, a t z = 0.45, for example 

(not plotted for clarity) the background value is again similar to th a t a t z = 0.92 

but the two statistics give almost identical results, as is the case a t z — 0.92. The 

smoothing length does not change much between 2  =  0.45 and 2  =  0.92, so the 

only difference would be the actual redshift, which does not appear to affect the 

two statistics significantly.
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Table 6.1: Relevant quantities for figure 6.17. SD refers to the standard deviation of the 
final statistics in the slice, for each method. SD# effectively gives the gradient of the 
corresponding line in figure 6.17.

z Nb s d a SDs
0 . 2 0 8.70 1 . 0 0.50
0.45 8.80 1 .0 1.04
0.62 14.5 1 . 0 1 .1 1

0.67 2 0 . 6 1 . 0 1.48
0.71 19.2 1 .0 1 . 2 1

0.92 8.56 1 .0 0.94

The background value also seems to be relatively unim portant. The back

ground value at 2  =  0.62 is 64% higher than tha t at 2  =  0.92 but the fluctuations 

in galaxy density are only mildly higher, and therefore the two statistics give sim

ilar results. Also compare the two lines for 2  =  0.71 and 2  =  0.67, both have very 

high, and similar, background values but the differences between the two statistics 

are striking with 2  =  0.67 experiencing the greatest density fluctuations.

So what are the advantages and disadvantages of each statistic? Both statistics 

give similar answers in general and so agree qualitatively as to which regions are 

significantly over-dense. Things become more complex when the background level 

is high, however. For example, in the limit of a mean of a thousand galaxies 

per cell (defined by the smoothing lengths) Poisson errors will be negligible; any 

fluctuations in the density of galaxies will be entirely due to real structure. Statistic 

B would correctly identify the over-dense regions with a high significance because 

an over-dense region with, say, two thousand galaxies will have a significance of 63<r. 

Statistic A on the other hand would re-scale all the values so that the standard 

deviation in each slice is 1.0. If typical density fluctuations vary by a factor of 

two, as in the example above, then this 63a over-density would now be given a 

significance of only lcr. The final two columns in table 6.1 quantify this effect,
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and it can be seen quite easily th a t although there are roughly the same number 

of galaxies at z = 0.67 and z = 0.71 there is clearly more physical structure at 

z = 0.67, as measured by the standard deviation of the statistic B values in the 

redshift slice. Calculating the standard deviation of values in each slice can then 

be considered a good way of measuring how clumpy the galaxy distribution is at 

any given redshift, w ithout having to plot out a whole da ta  cube.

In slices with low background levels the two statistics are in better agreement 

(apart from when the smoothing length becomes large) so there is not much to 

choose between the two.

The disadvantage of statistic B is th a t if there is a large change in the back

ground value between different redshifts then the d a ta  cube itself will preferentially 

show up regions in the high background slices. S tatistic A, on the other hand, pro

duces data-cubes with a restricted dynamic range, re-normalising everything so 

th a t the structure is uniform throughout the cube.

For scientific analysis it seems th a t Statistic B is likely to  be the more illu

minating one. Although, calculating and comparing both  statistics for any given 

survey is not complicated and will provide alternative ways of visualising the data.

6.5.2 E xten d ed  X -ray Sources D etected  by Chandra

Because this field is coincident with a very deep Chandra exposure - the second 

deepest in existence in fact, a t 1 Ms - I can directly compare the over-densities 

detected using my da ta  cube algorithm with extended soft X-ray sources detected 

by Chandra.
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In figure 6.18 I show the CDF-S COMBO-17 R  band image again, but this 

time I have overlayed a multi-layered projection of three sets of iso-surface within 

the CDF-S data cube. Imagine figure 6.13 (but with the CDF-S cube rather than 

the 14-h field one) viewed from beneath with progressively lower valued iso-surfaces 

fading out more and more. The three surfaces correspond to 5, 4 and 3a galaxy 

over-densities as measured by statistic B. Because this is a projection of all the 

over-densities between z  =  [0 . 2  : 1 .0 ] some lie behind others (the two blobs near 

source 138 are a good example, a smaller over-density is hiding behind the big one) 

and so a clear distinction between separate over-densities is not always possible in 

this figure; I shall indicate any relevant regions in the text where appropriate.

Also plotted in figure 6.18 is the position of the Chandra field (illustrated with 

green squares at the approximate positions of the deepest exposures tha t make up 

most of the 1 Ms total) and the extended X-ray objects from the catalogue, listed 

in table 5 of Giacconi et al. (2002). The yellow labels are the XID numbers, as 

published, and the radius of the circles is equal to the measured FWHM of each 

source (except source 645, which I have arbitrarily given a radius of 10" because 

this source, which was detected using a different technique to the others, is very 

low surface brightness and as such does not have a measured FWHM).

It is immediately apparent th a t all these ‘extended’ sources are still rather 

compact (mean FW HM = 6 ")  compared to, for example, the extended source de

tected by XM M  in the 10-h field (figure 6 .8 ), which has a FWHM of ~  12". This 

is a consequence of Chandras ’ superior resolving power. As with XM M  the PSF 

of the Chandra telescope module increases for larger off-axis angles; the sources 

included in figure 6.18 are classified as extended because their FWHM is > 3cr 

larger than expected given the off-axis angle of the source. Several of the sources 

are clearly associated with the hot halos of individual galaxies (e.g. 116, 514) but
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some, possibly most, are likely to be groups or clusters of galaxies.

Figure 6.18: Statistic B iso-surfaces projected onto the COMBO-17 R  band image of the 
CDF-S. The green squares show the approximate position of the Chandra data and the 
yellow circles are the extended Chandra sources.

N o tes  on  In d iv id u a l Sources

All further over-density values are the statistic B measurements.
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Gilli et al. (2003) mention four of the extended Chandra sources; specifically, 

they relate them to a possible detection of large scale structure in this field. They 

claim that the X-ray source population demonstrates two clear peaks at z = 0.67 

and 2  =  0.73, confirmed by a deep spectroscopic survey of part of the field (the 

K20 survey Cimatti et al., 2 0 0 2 ).

Extended sources 560 and 645 are, they claim, identified as two galaxy groups 

that form part of the structure at z = 0.67. I agree with their assessment of source 

645. Although only a marginally over-dense region (~  3.7a) the area near source 

645 in figure 6.18 is indeed at z = 0.67, although the peak of the over-density in my 

data cube and the X-ray source are not aligned perfectly. However, on inspection 

of the COMBO-17 redshifts it appears th a t there are two groups of galaxies at 

z = 0.67, separated by ~  50", the X-ray source being coincident with the northern 

core, while the density contours in my plot encompass both.

Source 560, on the other hand, is a little less clear cut. The over-density value 

at the position of source 560 peaks at z = 0.58 (with a value of ~  2.7a), not 

z = 0.67. The galaxy closest to source 560 has a COMBO-17 redshift of z = 0.66 

but there are no other galaxies within 30" with a similar redshift. I suspect that 

this source has been misclassified.

Sources 594 and 566 belong to the structure at z  =  0.73 according to Gilli 

et al. (2003). 594 is identified as a group and 566 is identified with a cluster. Both 

X-ray sources are closest to galaxies with COMBO-17 redshifts of z = 0.76 but the 

over-density to the north-east of source 594 peaks at z — 0.43. Although there is a 

slight over-density at the position of source 594 and z ~  0.73 it is only very weak 

(1.5cr).
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The cluster associated with source 566 is clearly visible in the density plot 

but the peak redshift I obtain is z  = 0.76. This is quite a high significance over

density at 4.4cr, so the fact th a t it has been identified as a galaxy cluster (albeit 

at a slightly different redshift to  my estim ate) is encouraging. However, I suspect 

th a t the extended X-ray emission detected by Chandra is actually associated with 

the hot halo of the central cD galaxy, which is coincident with source 566, rather 

than the intra-cluster gas, which should be much more extended given the nature 

of this galaxy cluster (see below).

The only other source I am going to comment on here is number 138, which 

is close to the highest significance over-density in this field. Figure 6.19 shows 

a zoomed in portion of figure 6.18 with only the 4a  (Statistic A, this time for 

comparison) iso-surface plotted.

The over-density is at z  =  0.74 and it is clearly a galaxy cluster in this R  band 

image. Source 138 on the other hand seems to  be more closely associated with a 

small collection of galaxies at z  ~  1. U nfortunately this is the limit of my data  

cube but there is an over-density of m oderate significance (2 .0 a) a t the position 

of source 138 a t z — 1.0. The extended X-ray emission associated with the cluster 

at 2  =  0.74, to  the west of source 138, has likely been missed by Chandra because 

it lies so close to the edge of the various exposures, and actually falls off the edge 

of most (compare the positions of the green lines in this figure with the squares in 

figure 6.18).
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Figure 6.19: Zoomed in portion of figure 6.18 showing the most significant over-density 
in the CDF-S. The contour here is the 4cr iso-surface produced using statistic A.

6.5 .3  X M M -N ew ton  D ata

In addition to the 1 Ms Chandra exposure there are also a large amount of XM M  

data for this field. In fact, there are over 500 ks of XM M  data that is publicly 

available from the archive, made up of 8  separate exposures of varying lengths. 

This data set is extraordinarily deep for a single XM M  field and so is invaluable 

for determining the X-ray properties of the over-densities detected using my data- 

cube technique.

I retrieved all 8  exposures from the archive and reduced and mosaicked them 

to form an ultimate image with an equivalent exposure time of 420 ks after removal
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of flaring periods. Figure 6.20 shows the final image.

Figure 6.20: XMM  soft band image of the CDF-S. This image is a mosaic of 8  exposure 
totalling ~  420 ks. The green circles indicate the five most significant (> 4cr statistic 
B) galaxy over-densities detected by the data-cube algorithm that lie within 10' of the 
XMM  exposure centre.

Also shown in figure 6.20 are the positions of the five highest significance over

densities, shown by the iso-surfaces in figure 6.18, tha t also have XM M  off-axis 

angles < 10'. Regions 1 and 4 clearly have extended X-ray emission associated 

with then, while regions 2, 3 and 5 show some evidence for X-ray emission in their
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vicinity. Region 4 is equivalent to the Chandra extended source 566 (see above).

Using the mosaicked MOS data  (used in preference to  the PN data  due to the 

many gaps between the PN CCD chips) it is possible to measure the soft X-ray 

flux of regions 1 and 4, using aperture photometry. I convert photon counts into 

X-ray fluxes appropriate for the off-axis angle of each source. I then convert the 

flux into a first guess for the bolometric cluster luminosity, using K-corrections 

and bolometric luminosity corrections for a range of likely cluster temperatures. 

Using the L x  — Tx  relation for nearby clusters and groups (Osmond & Ponman, 

2004) I use this first estimate of the cluster luminosity to estimate a more accurate 

temperature. Because the bolometric luminosity is only a weak function of cluster 

temperature this process can be iterated until a robust estimate for the luminosity 

is obtained (see table 6 .2 ). Figure 6 . 2 1  shows th a t the tem perature must be of 

the order of 2 keV or less for both of these clusters, even being quite conservative 

about the errors in the luminosity estimates.

This is a rather crude way of calculating the X-ray properties of these clusters 

and ideally spectral fitting should be employed to be more certain. The fact that 

this data is composed of 8  separate exposures complicates the issue however, and 

time did not permit a more thorough investigation. Although, even if I have 

underestimated the luminosity by a factor of two the tem perature for cluster 1 is 

unlikely to exceed 3 keV, which is consistent with Abell class 0-1 richness.

Figure 6 . 2 2  shows the R  band COMBO-17 image again, zoomed in on region

1. The contours are from the mosaicked soft band XM M  data having been lightly 

smoothed to suppress low level background fluctuations. The cluster is clearly 

visible as both an over-density of optical galaxies and as a low surface brightness 

extended X-ray source. The determination of a flux for this cluster is severely
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Figure 6.21: Figure 13 from Osmond &; Ponman (2004) showing the L x — Tx relation 
for galaxy groups and clusters. Groups are shown by squares and circles, clusters by 
stars. The hatched rectangle shows the approximate area in which regions 1 and 4 from 
table 6 .2  lie.

complicated by the presence of nearby X-ray bright point sources, hence the large 

uncertainty for this measurement in table 6 .2 . The core of the X-ray emission is 

slightly offset from the centre of the galaxy over-density, indicating that the cluster 

is still young and has not fully relaxed yet.

Figure 6.23 is similar to figure 6 . 2 2  but this time centred on cluster 4. The 

X-ray emission and the centre of the galaxy over-density peak are more closely 

matched than for cluster 1 but the X-ray emission itself appears less relaxed and 

is somewhat elongated. Again this suggests the cluster is relatively young.

Cluster 4 - Chandra source 566 - has a Chandra measured flux of only 1 / 4  

the value I obtain from the XM M  data. There are two possible explanations for 

this: either my flux measurement is wrong, or the Chandra flux does not take into 

account the full extent of the emission. The first of these possibilities is unlikely
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Figure 6 .2 2 : R  band CDF-S image centred on cluster 1 . The yellow circles indicate 
galaxies with redshifts in the range z = [0.69 : 0.79], which brackets the best estimate 
for the redshift of the cluster, z = 0.74. The white circle is the extended Chandra source 
138. The cyan contours show the soft X-ray emission from both the cluster and the 
nearby point sources, which are almost certainly AGN. The point sources are very bright 
and so only the low level X-ray contours are displayed for clarity. The green circle is 0.5 
Mpc in physical radius and is centred on the peak of the galaxy over-density.

because I have checked my flux measurements for several bright point sources 

that appear in the Chandra catalogue and my measurements agree to within a 

few percent with the Chandra fluxes. The second possibility is the more likely 

explanation in this case and is probably a consequence of the narrow Chandra 

PSF and the way in which the source was characterised for the catalogue. Either 

way, the X-ray luminosity of this cluster is lower than that of cluster 1 .

These two regions have X-ray properties that are consistent with low richness 

clusters or rich groups. The actual optical richness, on the other hand, tells a
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Figure 6.23: As figure 6 . 2 2  but centred on cluster 4. The galaxies indicated lie in the 
range 2 =  [0.71 : 0.81]. The small white circle indicates the extended Chandra source 
566.

different story.

The optical richness in table 6 . 2  is calculated in the same way as in sec

tion 6.3.4, but this time using R  band counts down to R  =  23 and using the 

following luminosity function parameters from Barr et al. (2003): =  —22.08,

o l =  —0.89 and 4!>* =  0.0072. The counts have not been corrected for incomplete

ness in this case so the values of the cluster-galaxy correlation amplitude, Bgc, 

will be minimums. Again, conversions between B gc and Abell richness follow the 

calibration of McLure et al. (1999), after conversion to my chosen cosmology.

Because of the superior photometric redshifts of the COMBO-17 catalogue I 

restricted the galaxy counts to 6z =  0.05 either side of the cluster redshift. Altering
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Table 6.2: Properties of the over-densities shown in figure 6.20. X-ray limits are listed 
where it was possible to measure them reliably. The X-ray luminosity is bolometric, 
having been converted from the soft band flux. The X-ray temperature is an estimate 
based on the L x ~ T x  relation for nearby clusters. The X-ray Abell richness is also an es
timate based on nearby clusters. Bgc has not been corrected for possible incompleteness. 
Region 4 corresponds to the Chandra source 566.

Cluster z L x  (erg s 4) T x  (keV) Abell* B gc (Mpc1-77) A b ell^
1 0.74 7 ±  4 x 1042 ~  2 0 621 ± 161 2

2 0 . 6 8 - - - 415 ±  122 1

3 0.74 - - - 514 ±  152 1 - 2

4 0.76 4.3 ±  1.3 x 1042 < 2 0 428 ±  151 1

5 0.61 - - - 184 ±  74 0

the width of this redshift band to either higher or lower values does not appreciably 

alter the measurements of Bgc, so the results are robust. One point to note here 

though, is that the proximity of sources 2, 3 and 5 to each other demonstrates 

the usefulness of the photometric redshift treatm ent; I have been able to remove 

possible contamination by the neighbouring regions when calculating the individual 

measurements, something I would not have been able to do without such good 

photometric redshifts.

It can be seen from table 6 . 2  th a t the richness calculated from the X-ray 

properties and that calculated from the optical properties are not in agreement 

for clusters 1 and 4. Add to this the fact th a t the measurements of B gc here are 

minimums, since I have not corrected for incompleteness, and it appears that the 

optical richness is significantly greater than  the X-ray properties would suggest.

6.5.4 Im plications for X-ray Cluster Searches

The discrepancy between the X-ray and optical properties is intriguing at first sight 

because it suggests th a t searches for galaxy clusters using X-ray selection may be
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fundamentally flawed. If the optical richness of a cluster is well linked to its mass 

then estimating the mass from X-ray emission alone will lead to an underestimation 

for many high redshift clusters. Of course, using X-ray emission to  estim ate the 

mass of a cluster requires th a t the gas is in hydrostatic and therm al equilibrium 

with the dark m atter potential well. If the cluster gas has not yet virialised then 

the X-ray luminosity will be lower than  expected because the density of gas in 

the core will be lower, and the X-ray tem perature will be lower than  expected 

because the virial tem perature will not have been achieved. Such occurances will 

be more common at high redshift where there will be many more dynamically 

young clusters. The low X-ray luminosity of these still forming clusters will make 

them  hard to detect in more shallow X-ray surveys.

Lower than  expected X-ray emission has been observed before in other opti

cally selected cluster samples (e.g. Donahue et al., 2001; Lubin, Oke, & Postman, 

2002; Lubin et al., 2004). In some cases the X-ray luminosities of optically selected 

clusters at 2  > 0.5 are a factor of 3 — 40 lower than  X-ray selected clusters with 

equivalent velocity dispersions. P art of this effect is likely to  be due to the ar

tificially high velocity dispersions measured for the optically selected clusters. A 

collapsing cluster will have a high in-fall rate so the line of sight velocity disper

sion a  will be higher than  for an evolved cluster. However, the suppressed X-ray 

emission will also play a m ajor part; the combination of the high a  and low L x  

causes the discrepancy between optically and X-ray selected clusters.

These two effects combine in such a way th a t high redshift optical clusters do 

not obey the local L x ~ c r  relation whereas X-ray selected clusters do. Interestingly, 

both optically selected and X-ray selected high redshift clusters are consistent 

with the same L x  — T x  relation, so it is only the optical/X -ray relations th a t are 

significantly different.
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So it seems that X-ray cluster searches will only detect the virialised and more 

evolved clusters, whereas optical searches will also find the young and unvirialised 

clusters.

The importance of projection effects can not be underestimated either. Al

though the space density of galaxy clusters is low there are still occasions when two 

clusters will lie in the same line of sight. W ithout redshifts this situation would be 

impossible to disentangle with either single band optical or X-ray methods. How

ever, obtaining photometric redshifts enables the clusters to be separated, as long 

as they are further apart in redshift space than the accuracy of the redshift esti

mates. The X-ray emission on the other hand can never be disentangled though. 

Therefore, X-ray cluster searches can be well complemented by good multi-band 

optical photometry to enable situations like this to be spotted.

6.5.5 Future Work

There are a couple of aspects of this work that could do with clarification.

•  Is the optical richness measure accurate?

• If it is accurate, how is it calibrated to to tal cluster mass?

• W hat are the true X-ray properties of the two clusters discussed in sec

tion 6.5.3?

The only way to resolve the first two questions would be to calibrate against 

known, well studied, clusters over a range of X-ray luminosities, optical richness 

and redshift. The clusters discussed here are relatively low mass, low richness,
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low luminosity systems, however you look at them, so it would be interesting to 

perform a similar analysis on much more massive clusters. The th ird  question can 

be resolved by thorough X-ray spectral analysis, which is something th a t time did 

not permit me to do. Although the proximity of bright point sources may make 

this difficult for COMBO-17 cluster 1 .

If my evaluation of optical richness is wrong leading to an overestimate of the 

Abell class of a cluster, and if the estim ated X-ray luminosities are too low then 

the true X-ray and optical properties of the COM BO-17 clusters will actually be 

more closely m atched than  I have suggested. However, I do not believe th a t the 

results would change enough to alter the conclusion th a t the clusters found using 

my da ta  cube algorithm  are X-ray under-luminous.



Chapter 7

The Environm ents o f A G N

7.1 Introduction

Chapter 5 is concerned with calculating the 2 -point auto-correlation function of 

the AGN in my two XM M  fields. The main aim there was to determine how 

AGN cluster together, which indirectly also gives an indication as to the typical 

environments the AGN in question reside in. In this chapter I take a different 

approach by looking more directly at the Mpc scale environments around a selection 

of individual AGN in my surveys.

Studying the environments of AGN has many motivations, including providing 

constraints on galaxy evolution models and how well AGN trace the normal galaxy 

distribution. The motivation here, however, is to determine the relative importance 

of various possible fuelling mechanisms tha t could power the activity in a central 

engine. For example, does the Mpc scale environment of a galaxy induce the AGN 

phenomenon somehow, or is the region immediately surrounding the supermassive

195
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black hole (SBH) in a galactic nucleus responsible for the onset of an AGN burst? 

Although discovering the exact details of the fuelling mechanism of any given AGN 

is beyond this study, it can certainly help to  narrow down the possibilities from the 

vast array of theoretical models proposed thus far. By comparing the environment 

of AGN against a control sample of otherwise normal galaxies, differences may 

indicate a fundamental property of galactic nuclei th a t causes them  to be active 

rather than  inactive.

7.1.1 Fuelling M echanism s

As Lake, Katz, & Moore (1998) put it, there are three distinct problems regarding 

the fuelling of an AGN: the first involves moving gas from the galactic scale into 

the central few hundred pc; secondly, the instabilities of a self gravitating disc tha t 

further compact the gas until it forms an accretion disc around the central SBH; 

and finally the accretion processes th a t enable the gas to  finally be lost forever 

from normal space. The study of the environments of AGN aims to  understand 

the first process, by which the fuel supply is made available to the SBH through 

gas transport on galactic scales. For this reason I shall ignore smaller scale pro

cesses, such as disc instabilities and galactic bars, to mention just two of the many 

possibilities suggested for the second fuelling mechanism.

Various mechanisms proposed in the literature make definite predictions about 

the nature of the environments of AGN. I briefly summarise some of those mech

anisms and predictions here:

•  Interactions/m ajor mergers: This model involves two comparably sized galax

ies interacting though their m utual gravitational attraction, leading to the
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amalgamation of the two central SBHs with large quantities of gas being 

driven inwards to fuel the resulting central engine (e.g. Kauffmann &; Haehnelt, 

2 0 0 0 ). The QSO produced from this will reside in a massive elliptical host, 

most likely in a high density environment where mergers are more common. 

It also correctly predicts the observed space density of QSOs that is seen 

to peak at 2  ~  2. Although a successful model in predicting both the mor

phology and environments of very luminous QSOs (e.g. McLure et al., 1999; 

McLure & Dunlop, 2001) it does not explain fainter AGN th a t are found 

in spirals as well as ellipticals. If major mergers were responsible for lower 

luminosity AGN then many more host galaxies should be observed to have 

disturbed morphology or signs of recent interactions, which does not seem to 

be the case either (e.g. Grogin et al., 2003).

•  Minor mergers: For AGN of lower than  QSO luminosity, such as Seyferts, 

it has been proposed that mergers of small companion galaxies (SMC or 

smaller) may induce nuclear activity in gas rich hosts (de Robertis, Yee, Sz 

Hayhoe, 1998). This is particularly relevant to my study here as I specif

ically concentrate on lower luminosity AGN (see section 7.2). Predictions 

for this model include undisturbed hosts and no need for significantly dif

ferent environments (in terms of bright galaxies) from those of comparable 

field galaxies. However, detecting such small companions around anything 

other than a nearby galaxy is problematic, so direct observations of the small 

companion frequency of high redshift AGN are unlikely to be made any time 

soon.

• Harassment: Originally proposed by Moore, Katz, & Lake (1996) to explain 

the morphological evolution of galaxies in rich clusters, it has also been sug

gested as an AGN fuelling mechanism (Lake et al., 1998). The mechanism
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is instigated by the numerous high speed interactions th a t a relatively small 

disc galaxy experiences while travelling through a cluster. Rather than  the 

cataclysmic, but relatively slow, interactions experienced by two galaxies un

dergoing a merger in the field, the higher speeds at which galaxies fly past 

one another in a cluster causes a member galaxy to be jiggled around but 

otherwise remain largely unchanged. Dynamical instabilities induced by this 

“galaxy harassm ent” channel gas into the central few kpc of sub-L* galaxies, 

where it becomes available as fuel for an AGN. Relatively new additions to 

the cluster, i.e. In-falling galaxies, are more likely to have large gas reservoirs 

and so are more likely to host an AGN. Clearly, predictions of this mecha

nism include the presence of a relatively rich cluster, with the AGN either 

in the periphery or in the process of falling in towards the cluster. Sochting, 

Clowes, & Cam pusano (2004) present some evidence th a t this may be the 

case for low-z  quasars, with nearly half of their z < 0.3 sample being found 

within 1 — 3 h~ l Mpc of a cluster centre. Harassment also predicts th a t hosts 

should show slightly disturbed morphologies but not be totally disrupted.

•  Cooling flows: Clusters of galaxies contain a hot intra-cluster gas th a t tends 

to be many times as massive as the cluster galaxies themselves. This provides 

a potentially huge reservoir of fuel for an AGN residing in a central cluster 

galaxy (Fabian et al., 1986), if it were to experience a radiative loss of energy 

and hence fall in towards the centre of the cluster - a cooling flow. Again, 

clear predictions can be made for this mechanism, such as the relative fraction 

of AGN found in clusters undergoing cooling flows. However, this mechanism 

can only really be applied to AGN in central cluster/group galaxies and does 

not fully satisfy all the observations of cluster AGN (Hall, Ellingson, & Green, 

1997).



7.1. INTRODUCTION 199

The above list is by no means exhaustive but it gives a brief example of 

the variety of theoretical models on offer to explain the AGN phenomenon. Of 

course many mechanisms proposed to fuel AGN can be equally applied to a nuclear 

starburst and in reality different mechanisms are likely to be more im portant for 

different classes of AGN. As always, it is a complex problem without a single simple 

answer.

7.1.2 Previous Work

In general, most of the previous investigations into the environments of AGN con

cern optically or radio selected QSOs. Radio-loud QSOs are now almost universally 

acknowledged to lie in over-dense regions, typically clusters of Abell 0/1 richness, 

across a large range in redshift (e.g. Wold et al., 2000; McLure & Dunlop, 2001; 

Barr et al., 2003); whereas there is still some disagreement over whether the same 

is true for radio-quiet QSOs. Wold et al. (2001) and McLure & Dunlop (2001) find 

no significant difference between the environments of matched samples of radio- 

loud and radio-quiet QSOs while Smith, Boyle, & Maddox (2000), amongst others, 

claim that radio-quiet QSOs are no more likely to be found in rich environments 

than non-active galaxies. However, differences between the various techniques and 

survey designs employed by different workers are likely to play some part in the 

discrepancies.

Sochting et al. (2004) employ a somewhat different technique to analysing the 

environments of AGN by looking at the relative positions of QSOs with respect 

to the large scale structure traced out by clusters and super-cluster structures in 

the same redshift slices. They claim tha t their sample of QSOs follows the large 

scale structure, so th a t QSOs are more likely to be found in the vicinity of a
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cluster or in the confluence of a merging cluster system. This implies th a t despite 

not always residing in rich clusters, QSOs are nevertheless useful tracers of large 

scale structure. Similarly, Barr et al. (2003) claim th a t radio-loud QSOs can be 

employed as efficient tools for detecting high redshift galaxy clusters as they are 

often found together in the same fields; although they do warn th a t many of the 

earlier studies are likely to be biased in their calculations of QSO environmental 

richness because QSOs are rarely found directly in the centres of over-densities.

At lower AGN luminosities optically selected Seyfert galaxies seem much less 

likely to be found in rich environments, de Robertis et al. (1998) analyse a sample 

of Seyfert galaxies and find no significant difference between the environmental 

richness, or the probability of finding a close companion galaxy, compared to a 

m atched sample of non-active galaxies. Although they do find a difference between 

the environments of the Seyfert 1 and Seyfert 2  sub-samples with Seyfert Is being 

in poorer environments; an observation th a t they cannot explain in terms of the 

Unified Model of AGN, which predicts th a t there should be no difference in the 

environment of these two AGN classes.

In all the above cases the sample sizes have been necessarily small (typically 

several tens of QSOs) because of the lim itations in performing large numbers of 

pointed observations, especially if the sample is at high redshift (see table 1 of 

Brown, Boyle, & W ebster (2001) for a summary of a sample of studies of AGN 

environments). The situation at low redshifts (z <  0.1), however, is now somewhat 

alleviated by large spectroscopic surveys such as the Sloan Digital Sky Survey 

(SDSS) or 2 df Galaxy Redshift Survey, which include many thousands of AGN. 

Despite this plethora of da ta  different studies still disagree to  some extent on some 

details of the environments of AGN. Miller et al. (2003) find essentially no change 

in the fraction of galaxies with an AGN, across nearly two decades in environmental
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density. Of the nearly 5000 galaxies studied ~  40% showed some sign of nuclear 

activity, the fraction remaining constant with density. Star-forming galaxies, on 

the other hand, behave very differently, with a clear trend increasing towards more 

rarefied environments - the so called SFR-density relation. Passive galaxies, of 

course, are found in greater abundances in denser environments. Such a high, and 

constant, fraction of galaxies containing an AGN rather suggests th a t the fuelling 

mechanism for these lower luminosity objects (mostly LINERS, the most common 

and lowest luminosity AGN class) is a frequent occurrence, and common to a large 

range of environments. Major mergers therefore seem highly unlikely as a fuelling 

mechanism in this scenario, as do any other cluster related mechanisms, which will 

not be nearly common enough to produce such a high AGN fraction; although this 

does not preclude the possibility that rarer, high luminosity, AGN are fuelled by 

such mechanisms.

Kauffmann et al. (2004) also use the SDSS data to study environmental rela

tions, including AGN fractions. They find a somewhat different result from Miller 

et al. (2003) in that twice as many galaxies host AGN in low density environments 

as in high, a trend they attribute to the fact th a t AGN and star-formation are 

related in some way. However, their classification of AGN differs to th a t of Miller 

et al. (2003), which is probably the source of this discrepancy. Kauffmann et al. 

(2004) only study AGN with O [III] luminosities > 1 0 7 L0  (total fraction ~  0.1), 

whereas Miller et al. (2003) are less strict, resulting in the higher overall (lower 

luminosity) AGN fraction.
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7.1.3 U nbiased Tracers o f A G N

As Miller et al. (2003) point out, different types of AGN reside in different host 

galaxies: radio-loud galaxies in ellipticals, Seyferts in spirals, for example, and so 

any tend in environmental density experienced by a particular galaxy type will 

necessarily result in the same trend being true for the class of AGN th a t resides in 

th a t host type. Since most of the AGN in the Kauffmann et al. (2004) study are 

type 2  Seyferts it is hardly surprising th a t galaxies in low density environments 

dem onstrate a higher fraction of AGN in this case.

And herein lies the problem. Any search for AGN is likely to be biased in 

some way towards a particular class depending on the selection criteria. Radio se

lected AGN samples, for example, will preferentially select radio-loud AGN, which 

are clearly not the most common type of AGN and suffer from feedback with the 

surrounding environment, making them  highly biased examples of AGN in general. 

Optically selected samples can also suffer from selection effects, depending on the 

quality of the spectroscopy and the criteria used to distinguish AGN from non

active galaxies. Miller et al. (2003) goes some way towards resolving this problem 

with the very large and high quality SDSS da ta  set and by applying careful anal

ysis to the separation of galaxies into AGN, star-forming or passive, using several 

emission lines.

In general, the narrow [OIII] emission line seems to be a pretty  unbiased 

tracer of AGN activity, as it originates from beyond the obscuring torus and so 

is unaffected by the orientation effects th a t can bias other AGN emission lines. 

However, at higher redshifts this line becomes harder to detect in weak AGN as 

more of the galaxy light falls into the slit or fibre aperture, washing out the nuclear 

light. This problem does not affect the X-ray emission from AGN, however. X-



7.1. INTRODUCTION 203

ray surveys are very observationally efficient at finding AGN over a wide range in 

redshift. Hard X-ray luminosity in particular is also a highly unbiased measure of 

AGN power, as the only thing th a t is being probed is the accretion rate of the SBH 

itself; the details of the exact AGN type and viewing angle are unimportant (due 

to the penetrating power of hard X-rays) and therefore does not bias the sample 

selection. The fairly tight correlation between hard X-ray and [OIII] luminosity 

(Xu, Livio, & Baum, 1999) indicates th a t the same physical process is responsible 

for both, namely the accreting SBH, and th a t hard X-rays are at least as unbiased 

as [OIII] when it comes to selecting AGN.

Hard X-ray emission is an excellent tracer of AGN activity because it is difficult 

for anything other than a SBH to generate X-ray luminosities in excess of 1042 erg 

s-1. Hard X-rays are also affected far less by intrinsic absorption than soft X- 

rays and can penetrate large column densities of intervening neutral hydrogen (up 

to ~  1 0 23 cm-2) that would essentially completely absorb photons of energy less 

than 2  keV. Of course, nothing is perfect and for extremely high column densities, 

resulting in Compton thick obscuration (N h  ~  1.5 x  1024 cm-2), even hard X-rays 

are absorbed. But for the purposes of this study I shall ignore Compton thick 

AGN, with the assumption th a t they constitute a relatively small fraction of the 

total population (see Ueda et al. (2003) for a discussion of the Compton thick 

contribution).

W ith a large catalogue of X-ray selected AGN, also covered by deep optical 

data, my XM M  surveys are ideally suited to the study of AGN environments. 

Aside from the benefits offered by X-ray selection, the addition of photometric 

redshifts gives a further advantage over studies tha t rely on a single optical filter 

for their galaxy counts. Although the final sample analysed here is not large 

(see section 7.2), the principles described in the rest of this chapter can be easily
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extended to much larger samples; something th a t is becoming increasingly possible 

as data  from more large area, deep surveys are made publicly available.

7.2 Selection  o f A G N  Sam ple

The selection of the AGN sample requires careful consideration, in order to avoid 

uncertainties leading from degeneracies in redshift and luminosity, for example. In 

any flux limited survey, such as my X M M  surveys, an inevitable correlation arises 

between redshift and luminosity; a t low redshift the survey does not sample large 

volumes and so only the most numerous, low luminosity objects are detected; at 

high redshift, large volumes are sampled bu t only the most luminous objects are 

bright enough to  be detected. Therefore, if I wish to  study potential correlations 

between clustering am plitude and luminosity, or clustering am plitude and redshift, 

then I must select my sample accordingly so th a t the trends associated with one 

effect are not confused with those caused by the other.

Because of the nature of my X M M  surveys it is impossible to  select a sample of 

similarly luminous AGN over a range of redshifts, to study the redshift evolution 

of the clustering amplitude. Therefore, I concentrate on the relation between 

clustering amplitude and luminosity a t constant redshift, which is more suitable 

for my surveys.

To be able to  reduce the error introduced by uncertain background and fore

ground number counts, as well as reducing uncertainties in luminosity, I require the 

best possible photometric redshift estimates for both  the AGN and the surrounding 

field galaxies. Therefore, I restrict this analysis to  only the 14-h field, which has 

more accurate photometric redshifts than  the 3-h field (see also section 6.3.1). The
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photometric redshifts are also most accurate for z < 0 .6 , so to  maximise the number 

of sources in my sample (because the redshift distribution peaks at z ~  0.7), while 

maintaining a narrow enough range to minimise redshift/luminosity correlations, 

I select sources in the range 0.4 < 2  < 0.6.
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Figure 7.1: Luminosity vs. redshift for the 31 AGN in my environment sample. The full 
sample is split into two sub-samples divided by luminosity: Filled squares, low luminosity 
(16 objects); open circles, high luminosity (15 objects).

Figure 7.1 shows the final sample of 31 AGN plotted with hard X-ray luminos

ity versus redshift. I split the full sample into two sub-samples, based on luminosity, 

to test for any redshift/luminosity correlation; 16 sources are in the low luminosity 

sample, 15 are in the high luminosity sample. A Kolmogorov-Smirnov (K-S) test on 

the redshift distribution of the two sub-samples returns a statistic P  = 0.652, which 

implies that there is a probability S  = 0.348 (S = 1 — P , where P  is the standard 

statistic returned from a K-S test) that the two samples are not drawn from the 

same population (both have a median z = 0.51), so I have satisfied my condition 

of minimising any redshift/luminosity correlation. Figure 7.2 demonstrates th a t 

for the redshift range I consider here I am analysing AGN tha t populate the break 

in the hard X-ray luminosity function. This is important because the break in any
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luminosity function with a shallow faint end slope (a  <  1 ) constitutes the peak in 

luminosity density. Therefore, sources near the break effectively contribute more 

to the luminosity density of the population than  either lower or higher luminosity 

sources. In a sense, they represent the ‘average’ sources in a population.

All but one of the 31 sources in this sample lie above the log(fx / f i )  =  — 1 line 

in figure 4.2 (source 14.144 lies just below), confirming th a t they are highly likely 

to be AGN rather than  starburst galaxies. Starbursts also typically have upper 

limits on their hard X-ray luminosities of ~  1041 erg s-1 , safely below the lower 

limit for my AGN sample.
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Figure 7.2: Hard X-ray luminosity function, from Ueda et al. (2003). The blue arrow 
indicates the ‘knee’ of the luminosity function for the redshift range encompassing my 
AGN sample. Sources near the break in any luminosity function contribute the greatest 
amount to luminosity density and so are important to study. The AGN in my sample 
straddle the break, within about one decade in luminosity, and so are well representative 
of the ‘average’ AGN.
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7.3 Calculation of Bgq

The measurement of the clustering amplitude is essentially identical to the method 

used in Chapter 6  for the over-density at z — 0.88, with one minor difference. To 

summarise: the number of galaxies within 0.5 Mpc and dz <  0.1 of each AGN 

are counted (discounting the AGN itself) and compared to the number expected 

for the background, as calculated from the to tal number of galaxies in the same 

redshift range for the whole CFDF catalogue. The main difference between this 

study and that of chapter 6  is that here only galaxies with I ab  < 23 are counted, 

rather than the limit Iab < 24 as used in chapter 6 . The reason for this is that 

a compromise must be reached between counting galaxies to too bright a limit, 

resulting in low counting statistics, and counting to too faint a limit, which causes 

large uncertainties resulting from a high background count. A suitable range of 

M* +  1 to M* +  3 has been suggested by Yee & Lopez-Cruz (1999) to optimise 

the calculation of Bgq, however, I can afford to go slightly deeper because I use 

photometric redshift cuts to improve the contrast of the AGN regions against 

the background counts. Using the luminosity function from Barr et al. (2003) 

(M j =  —22.65, a = —0.89 and <fi* =  0.0052), I reach M * +  3.9 at z = 0.4 and 

M* +  2.8 at z = 0.6 using a limit of I ab  < 23 (for a Sbc galaxy template). It is 

prudent to note here that varying the magnitude limit by ± 1  does not appreciably 

change the results, which suggests th a t the shape of the assumed LF is indeed 

suitable for this analysis. Choosing a limiting magnitude of Iab  < 23 also reduces 

the effect of incompleteness in the reduced, good photometric redshift, CFDF 

catalogue.
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7.3.1 Control Sam ple

A big advantage th a t the CFDF catalogue has over other similar studies of AGN 

environments is th a t it is a contiguous patch of sky, with many field galaxies from 

which to get a reliable estim ate of background galaxy counts. A further advantage 

is afforded by the availability of a large number of galaxies th a t can be used as a 

control sample against which the AGN sample can be compared. For this study I 

use all galaxies in a 15' x 15' square in the centre of the CFDF m ap (to avoid edge 

effects), in the redshift range z = [0.4 : 0.6] and with m agnitudes Iab  <  23, as the 

control sample. I calculate B gg for the resulting 820 galaxies in exactly the same 

way as I calculate B gq for the AGN sample. A second control sample is extracted 

from the first, as an additional check, so th a t the distribution of Iab  magnitudes 

matches th a t of the AGN sample more closely (final K-S result of P  = 0.871 

for the 297 galaxies, rather than  P  =  0.011 for the full control sample). This 

second sample has a higher proportion of brighter galaxies than  the full control 

sample and was selected by randomly removing fainter galaxies until it resembled 

the AGN sample I a b  distribution. This reduced control sample also follows the 

redshift distribution of the AGN sample more closely too, with P  = 0.932 c.f. 

P  = 0.187 for the full control sample. For the rest of the discussion this reduced 

sample will be referred to  as the ‘well matched control sam ple’.

7.3.2 C orrection for In com p leteness

I correct for incompleteness in the reduced CFD F catalogue in the same way as 

in section 6.3.5; th a t is, any difference between the reduced (good photo-z) and 

full catalogue is corrected for by multiplying the number of galaxies of a given 

magnitude by the required factor to bring the number up to th a t expected from the
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full catalogue. At most this difference is a factor of 1.5 for magnitudes in the range 

I a b  — [22.5 : 23]. Both the counts around the AGN and the background counts are 

corrected for in the same way. In general, correcting for incompleteness enhances 

both under and over-densities but as long as the control sample is analysed in an 

identical fashion to the AGN sample then the details of the correction should not 

adversely affect the results. In fact the same is true for the exact details of the 

assumed LF; as long as the control samples use the same LF as the AGN sample 

then the absolute measure of clustering amplitude is unimportant, it is the relative 

clustering amplitudes that reveal the important facts.

7.4 Results

Table 7.1 shows the results for both A gq and Bgq for the AGN sample. Figure 7.3 

shows these same results plotted with B gq vs. hard X-ray luminosity. Additionally, 

the mean values for the two AGN sub-samples and the field galaxy sample are also 

plotted and are tabulated in table 7.2

Notice how the well matched control sample has a slightly higher clustering 

amplitude than the full control sample, due primarily to the higher proportion of 

relatively brighter galaxies in the matched sample. However, the difference between 

the environments of the two control samples is not really significant and does not 

make any qualitative difference to the final results.
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Table 7.1: Results of the clustering amplitude for the 31 AGN in the range 0.4 < z < 0.6. 
Luminosity is measured in the hard X-ray band (2 — 10 keV). Low and high luminosity 
sub-samples are divided by the horizontal line.

XID z (BPZ) Luminosity (erg s Agq B „  (M pc1-77) A B
94 0.40 0.381E+43 0.200E-03 32.8 69.0
37 0.42 0.301E+43 0.713E-03 117.4 75.1
106 0.42 0.657E+43 0.691E-04 11.4 6 8 . 0

153 0.42 0.614E+43 -.286E-03 -47.0 63.7
75 0.43 0.553E+43 0.106E-02 176.9 79.5
144 0.45 0.160E+43 0.459E-03 81.7 76.4
132 0.48 0.550E+43 0.194E-02 400.0 1 0 0 . 8

137 0.51 0.504E+43 -.735E-04 -15.4 77.3
8 8 0.51 0.398E+43 0.609E-04 12.7 79.3
148 0.52 0.219E+43 -.129E-03 -26.7 76.5
64 0.55 0.292E+43 0.594E-04 1 2 . 2 80.0
8 6 0.55 0.517E+43 -.965E-03 -197.9 62.3

1 1 2 0.57 0.361E+43 0.174E-03 35.0 81.6
118 0.58 0.577E+43 0.595E-03 117.9 87.7
89 0.58 0.566E+43 -.109E-04 -2 . 2 78.6
133 0.59 0.536E+43 0.440E-03 85.3 85.1
18 0.43 0.173E+44 -.268E-03 -44.7 64.4
31 0.44 0.771E+43 0.370E-03 63.6 73.5
1 2 0.45 0.296E+44 0.731E-03 130.1 79.6
28 0.47 0.827E+43 0.255E-04 5.1 75.5
27 0.48 0.965E+43 0.353E-03 72.8 81.6
117 0.49 0.108E+44 0.206E-03 43.0 80.5
92 0.51 0.765E+43 0.647E-03 135.3 87.6
8 0.51 0.137E+44 0.665E-03 138.9 87.8

128 0.52 0.127E+44 -.343E-04 -7.1 78.0
38 0.53 0.160E+44 0.134E-04 2 . 8 78.3
127 0.53 0.339E+44 0.410E-03 84.0 84.1
149 0.54 0.987E+43 0.456E-03 93.5 85.3
17 0.55 0.231E+44 0.629E-03 129.0 88.4
32 0.58 0.500E+44 0.327E-03 64.8 83.8
147 0.59 0.215E+44 0.533E-03 103.5 86.4
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Figure 7.3: Clustering amplitude of galaxies in the vicinity of 31 AGN in the 14-h field 
(see tables 7.1 and 7.2). The thin dotted line at Bgq ~  35 Mpc1-77 is the mean value for 
820 field galaxies, drawn from the same redshift range as the AGN sample and analysed 
in an identical fashion. The thicker, short-dashed lines show the mean values for the two 
sub-samples of AGN: left, low luminosity; right, high luminosity. Regions corresponding 
to Abell richness classes 0 and 1 are delineated by the dotted lines at 146, 341 and 537 
Mpc1-77; class 2 lies above the top line (values taken from McLure & Dunlop (2001) and 
re-scaled to match my chosen cosmology).

7.4.1 Kolmogorov-Smirnov Tests

The first thing that is obvious from these results is that the AGN sample is not 

significantly different from th a t of either control sample. To formalise this I perform 

K-S tests on each of the sample pairs listed in table 7.3. As table 7.3 shows the 

AGN sample is indistinguishable from the field galaxy population, in both its full 

control and well matched control forms.

T

A b ell  1

A bell 0

i

The very slight hint of a correlation between AGN luminosity and environment,
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Table 7.2: Results for the clustering amplitude Bgq in Mpc177.

Sample Weighted mean Median Straight mean
820 control galaxies 36.6 ± 2 .7 44.9 53.3
297 well matched control 42.9 ± 4 .5 54.5 61.0
All 31 AGN 42.5 ±  14.0 63.6 58.3
16 low luminosity AGN 28.1 ± 1 9 .0 2 2 . 8 49.6
15 high luminosity AGN 59.7 ± 2 0 .7 72.8 67.6

Table 7.3: K-S tests to determine if the clustering amplitudes for the AGN are drawn 
from a different population to the field control samples. Here P  is the standard statistic 
returned from a K-S test and P  = 1 — 5, where 5  is the probability that the two samples 
are not drawn from the same population. In all cases the null hypothesis, that the AGN 
and field samples are drawn from the same population, cannot be rejected (requires 
P < 0.05, for the null hypothesis to be rejected at the 5% level).

Samples P
Full control All AGN 0.703
Full control Low AGN 0.713
Full control High AGN 0.292
M atched control All AGN 0.427
M atched control Low AGN 0.592
M atched control High AGN 0.412
Low AGN High AGN 0.216
M atched control Full control 0.862

when the AGN sample is split into sub-samples, is not significant at all. These 

results are consistent with all the various samples being drawn from the same 

parent population.

7.5 C lose C om panions

So it seems from the clustering amplitude analysis th a t the Mpc scale environments 

of moderate luminosity AGN are essentially the same as those of non-active galax

ies. In this section I investigate the possibility th a t tidal interactions with nearby
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galaxies are important as fuelling mechanisms for these AGN. Again, I compare 

the AGN sample to the two control samples described in section 7.3.1.

For this analysis I extend the magnitude range of the search to I ab  < 24, 

so one magnitude fainter than the clustering amplitude analysis i.e. M* +  4.9 at 

z — 0.4 and M* +  3.8 at z = 0.6 (similar to the SMC and LMC). I also neglect 

the effects of completion here because I am making a direct comparison between 

samples that should be affected in an identical way, and therefore an absolute 

measure is unnecessary. Other than that the only difference between this and the 

clustering amplitude analysis is the radius within which galaxies are counted.

Table 7.4 shows the number of galaxies found within a given radius of galaxies 

in the AGN and control samples. It is clear tha t the environments of AGN host 

galaxies are very similar to those of inactive galaxies on all the scales investigated 

here.

Breaking the two smallest scales down further, figure 7.4 shows the distribution 

of the frequency of different numbers of companion galaxies. At these scales the 

number of companion galaxies is small but the AGN sample has essentially the 

same distribution as that of the well matched control sample, and the same is true 

of the larger scales.

So this appears to support the conclusions of de Robertis et al. (1998), in that 

the likelihood of finding a companion galaxy with R  < —17.5 within 50 kpc of a 

Seyfert galaxy is not statistically different from that for an inactive galaxy. AGN 

with sub-quasar luminosities have essentially identical environments - from 30 kpc 

up to 0.5 Mpc - to those of ‘normal’, inactive galaxies.
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Table 7.4: Mean number of companion galaxies for the various samples, counted within 
different radii ( d z  <0.1, I a b  < 24). Errors are Poisson uncertainties. The AGN sample 
and control samples are all remarkably similar from 30 kpc to 0.5 Mpc

Counting Radius (kpc)
Sample 30 50 100 250 500
Full control 0.14 ± 0 . 0 1 0.43 ± 0 . 0 2 1.61 ± 0.04 9.85 ± 0 . 1 1 38.3 ± 0 . 2

Well matched 0.14 ± 0 . 0 2 0.47 ± 0.04 1.79 ± 0.08 1 0 . 2 ± 0.19 40.2 ± 0.4
All AGN 0.07 ± 0.05 0.35 ± 0 . 1 1 1.45 ± 0 . 2 2 9.65 ± 0.56 39.5 ± 1 .1

Low AGN 0 . 0 0 ± 0 . 0 0 0.19 ± 0 . 1 1 1.44 ± 0.30 8.56 ± 0.73 38.0 ± 1.5
High AGN 0.13 ± 0.09 0.53 ± 0.19 1.47 ± 0.31 1 0 . 8 ± 0.85 41.1 ± 1.7

7.6 D iscussion

7.6.1 Im plications for A G N  Fuelling M echanism s

My sample of AGN is not particularly large and so the uncertainties may hide 

any significant difference th a t really does exist between the environments of active 

and non-active galaxies. However, on the basis of my results I can draw some 

conclusions as to  how the AGN in my sample are likely to be fuelled.

The typical environments of my AGN sample are no different to those of 

inactive galaxies in general. Aside from one example, all the AGN are found in 

sub-cluster richness regions, in contrast to the studies of high luminosity AGN, such 

as radio-loud QSOs. Therefore, any fuelling mechanism requiring the presence or 

proximity of a rich cluster is unlikely to be im portant for fuelling lower luminosity 

AGN. Harassment (Lake et al., 1998), for example, may be an efficient method of 

transporting gas into the central 500 pc of a gas rich galaxy but it requires tha t 

galaxy to be situated in the outskirts of a rich cluster. This is clearly not the case 

for the vast majority of AGN, which exist far from the influence of clusters and, in 

a purely numerical sense, harassment is simply not capable of causing up to 40%
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Figure 7.4: Histograms of the number of companion galaxies found within 30 kpc (7.4(a)) 
and 50 kpc (7.4(b)) of the galaxies in the AGN sample. The well matched control sample 
(scaled to match the AGN sample) is shown for comparison as the dashed histograms. 
Error bars on the AGN sample are Poisson uncertainties. An AGN host is no more or 
less likely to have a close companion than an inactive galaxy.

of all galaxies to be active at any given time (Miller et al., 2003).

As mentioned earlier, major mergers seem equally unlikely as a fuelling mech

anism for the lowest luminosity AGN, especially given the high fraction of galaxies
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th a t contain one; and even for the AGN in my sample, which are typically more 

luminous and therefore [~ 10 to 40 times] less common than  those in Miller et al. 

(2003), this mechanism appears to be unim portant. Although I haven’t performed 

any asymmetry analysis on the host galaxies of my AGN sample (to look for signs 

of recent major mergers or tidal interactions), Grogin et al. (2003) find th a t the 

AGN in the CDF-S (roughly comparable to  the luminosities of the AGN in my 

sample) are no more asymmetric than  the field galaxy population, suggesting th a t 

they are not under the influence of a recent merger or tidal interaction. Grogin 

et al. (2003) also investigate the near neighbour frequency of both  the active and 

non-active galaxies in th a t field and essentially confirm my result, th a t there is no 

significant difference between the two populations, de Robertis et al. (1998) also 

confirm both  these results for Seyfert galaxies, which typically have hard X-ray 

luminosities in the range of my AGN sample.

But could I be missing really close companions in my near neighbour analysis 

and therefore be making an inaccurate statem ent as to the similarity of the active 

and non-active samples? My close companion search is limited to  I ab  < 24 (the 

median magnitude for the AGN sample is I ab  =  21.1 so they are brighter than 

most of the potential companion galaxies) and at this faint magnitude limit incom

pleteness accounts for the loss of over half the galaxies from the reduced CFDF 

catalogue, which I use in this analysis. Conceivably, most of these losses could be 

the nearest companions of brighter galaxies. At close proximity the photom etry of 

a faint galaxy could be contam inated by light from its brighter neighbour, leading 

to an unreliable photom etric redshift and its subsequent rejection from the cat

alogue. Therefore, if one sample in the analysis has a real excess of close, faint 

companions relative to another sample, then this difference will be suppressed by 

the preferential loss of those close companions from the catalogue. However, I
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believe this possible observational bias is not present in this case for the following 

reason:

The CFDF photom etry is measured inside a 3" diameter aperture, which 

equates to a physical radius of ~  9 kpc at z = 0.6 (roughly the visible extent of 

L* galaxies); for the photom etry of a companion galaxy to be significantly affected 

by the light from another, brighter galaxy it would have to be less than twice this 

sort of distance from it, say 20 kpc to be safe. This radius equates to 45% of the 

area inside my smallest counting radius, which, assuming the surface density of 

galaxies is uniform, would result in a ~  7% probability of finding a companion 

within 20 kpc. Reducing the counting radius for the well matched control sample 

to 20 kpc I find a companion probability of 6.5%; so it does not appear that I am 

preferentially losing faint galaxies from the catalogue that are near other galaxies. 

Also, at this level of probability it would require a much larger AGN sample to 

be able to detect a significant deviation from the control sample (at 20 kpc the 

companion probability is 3.2% for the AGN sample, i.e. 1 out of 31). So I assume 

that this possible loss of very close companions is not responsible for the similarity 

between my samples on the 30 kpc scale. For the 50 kpc counting radius and 

above this effect should be negligible and so the observed similarity of the AGN 

and control samples should be real.

So that leaves the leading contender for low luminosity AGN fuelling as minor 

mergers. In much the same way as a major merger or interaction disrupts the 

eventual AGN host galaxy, the accretion of a small satellite galaxy will have the 

same effect but on a smaller scale and without the extreme deformation of the 

host disc (e.g. Walker, Mihos, & Hernquist, 1996; Hernquist & Mihos, 1995). And 

since satellite galaxies are very much more numerous than massive galaxies such 

minor mergers will be correspondingly much more common than major ones. If the
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accretion of a satellite is onto a gas rich host then the satellite need only provide 

the impetus to send the gas in towards the awaiting central engine. A gas poor 

elliptical galaxy, on the other hand, requires the satellite to also provide the fuel 

necessary for the nuclear activity. In the former case the structure of the host 

galaxy seems in itself to be an im portant factor in determining whether the gas 

supply is used in a nuclear starburst or accretion onto a SBH (Hernquist & Mihos, 

1995; Mihos & Hernquist, 1994), or maybe some combination. If minor mergers 

are common occurrences, which they undoubtedly are relative to m ajor ones, then 

they are likely to  be an im portant mechanism for the fuelling of AGN, with the 

differences between AGN classes being determ ined by the properties of the host 

galaxy.

7.6.2 T he R ichest E nvironm ents in th e  14-h F ield

The AGN with the richest environment in my sample is 14.132. This AGN is 

actually centred on the peak of an over-density (see figure 7.5), which is equivalent 

to Abell 1 richness according to the McLure & Dunlop (2001) calibration. However, 

it is clearly not a relaxed system with features extending to the north and west in 

the density plot shown in figure 7.5. The over-density actually peaks at 2  =  0.44 

rather than  the redshift of the AGN, 2  =  0.48. However, this is within the typical 

redshift errors for this field so the AGN is still likely to  be physically associated 

with the over-density.

Interestingly, this region is not significantly over-dense with respect to the rest 

of the slice; the peak is only just more than  2a  away from the mean density (using 

statistic A). The main reason for this is discussed in section 6.5.1. This particular 

redshift slice contains a lot of large scale structure, which has caused the relative
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over-density measurement for any given region to be rescaled downwards. Hence 

this over-density is of similar Abell richness to the one discussed in section 6.3.3 

but is of far lower significance, as measured by this statistic. This point highlights 

the need for the calculation of a robust selection function, which would relate Abell 

richness to an equivalent sigma level for any given redshift and, to a certain extent, 

the two Abell 1 regions discussed thus far represent two points in that function.

Figure 7.5: A slice through the 14-h data cube at 2  =  0.48 shows the galaxy distribution 
around X-ray source 14.132, the AGN with the highest environmental density in my 
study; its position is indicated by the blue cross-hairs. This AGN occupies the peak of 
an over-density corresponding to Abell class 1 richness, but is also part of a much larger 
structure suggesting that this may be a cluster in the process of forming.

Returning to  the environment of 14.132, an Abell 1 region should be easily 

detectable by the XM M  survey at jz =  0.48. Figure 7.6 shows the MR/1 filtered 

XM M  data encompassing both of the Abell 1 regions reported in this work. Aside 

from the emission from 14.132 at the centre of the northern region, there is no
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Figure 7.6: Filtered X-ray image of the 14-h field showing the positions of both of the 
Abell 1 regions discussed so far: the region discovered at z =  0.88 as a > 6cr over
density in the galaxy distribution (see chapter 6), and the environment of AGN 14.132 
at z = 0.48. Neither region shows extended X-ray emission within the 0.5 Mpc radius 
circles. Both regions lie at large off-axis angles in the XMM  field (> 10').

indication of cluster like extended emission. At first sight this is quite concerning 

as it suggests tha t the B gq/Abell richness conversion is not reliable. Either that, 

or my calculation of B gq is suspect. Other possibilities could explain this how

ever. As with the region discussed in section 6.3.3, this over-density is at a large 

off-axis angle (~  10.8') in the XM M  FoV. At angles of > 10' the sensitivity of 

XM M  reduces rapidly and the PSF broadens considerably, making the distinction 

between point like and extended sources more problematic. It is entirely possible 

that source 14.132 is not an AGN at all and is in fact the emission from the core 

of a galaxy cluster, and it just happens to have been identified with a galaxy near 

the cluster centre, by the identification procedure described in chapter 4. Alter
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natively, the identification process is accurate and there really is no detectable 

extended X-ray emission because the cluster is still forming and is not virialised 

or relaxed (as evidenced by the galaxy distribution shown in figure 7.5). As such, 

the X-ray emission would not be as luminous as for a virialised cluster of equiv

alent richness, and so would have escaped detection. This argument was used in 

section 6.3.5 for the non-X-ray-detection of the other region in figure 7.6; however, 

having two such objects in a relatively small patch of sky is unlikely (although not 

impossible), making this argument less convincing for either region. I suspect the 

most reasonable explanation is the incorrect conversion from B gq to Abell richness, 

which would have consequences for the work described in chapter 6.

7.7 Future Work

The work in this chapter is closely related to that in chapters 5 and 6, all three 

being possible with essentially the same data sets. As such, a natural extension to 

almost this entire thesis could be achieved with relative ease using any number of 

the very large, multi-wavelength surveys (combining deep X-ray and multi-band 

optical data) that are becoming increasingly common now; many of which are also 

publicly available.

In chapter 6 I mentioned the COMBO-17 data of the CDF-S field, which is 

now public and has been reduced to a ready made catalogue containing 63,501 

objects, including photometric redshifts and uncertainties for a large fraction of 

them. Combining this catalogue with that from the deep Chandra X-ray survey 

of the same field is an ideal way of extending the work in this chapter. Although 

covering a smaller area than my XM M  exposures the CDF-S is significantly deeper,
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and so AGN of lower luminosity than  my sample could be analysed at the same 

redshift. Alternatively, a similar luminosity sample to  mine could be selected at 

a higher redshift. This opens up the possibility of studying the evolution in the 

environmental properties of AGN. The improved redshifts would also allow a far 

more accurate measurement of the AGN environments. Specifically, a significant 

reduction in the width of the redshift slice around the AGN would be possible, 

which would then reduce the uncertainty in the clustering am plitude measurement 

because of the lower background counts.

In addition to going to higher redshift using deeper data, a low redshift AGN 

sample could be selected from the vast XMM-LSS data, which will ultim ately cover 

64 square degrees with ~  10 — 20 ks X M M  d a ta  and deep m ulti-band optical data. 

This will enable the identification of relatively low redshift AGN with reasonable 

photometric redshifts.

Further sub-division of the X-ray selected AGN into different classes (based 

on their best fitting optical tem plates for example) would help to  determine if the 

environmental properties of AGN of fixed luminosity are strongly correlated with 

the host galaxy properties, as has been suggested (Miller et al., 2003).



Chapter 8

Summary and C onclusions

8.1 Thesis Summary

The work in this thesis is fairly wide-ranging and so the individual chapters are 

quite self contained. Each chapter has its own conclusions but I summarise the 

main important points of the thesis here in an attem pt to bring the individual 

chapters together into a coherent whole.

This thesis can be summarised as follows:

• Medium-deep X-ray surveys of the 3, 10 and 14-h Canada-France Redshift 

Survey (CFRS) fields using XMM-Newton are presented, with the aim of 

studying the Active Galactic Nuclei (AGN) and galaxy cluster populations 

in these fields. The X-ray sources detected in these surveys resolve 51% of 

the X-ray background (XRB) in the 0.5 — 10 keV X-ray band.

•  The relation between the X-ray and sub-mm extra-galactic backgrounds is

223
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investigated using a combination of the X M M  d a ta  and sub-mm data  taken 

using the SCUBA camera on the JCM T sub-mm telescope, operating at 

850/xm. The X-ray properties of the sub-mm sources and the sub-mm prop

erties of the X-ray sources indicate th a t the XRB is dom inated by accretion 

onto super-massive black holes, while the sub-mm background is dominated 

by dust-obscured star formation. Sources detected by SCUBA do not appear 

to be the result of heating by an AGN and are more likely to be powered by 

star-formation.

•  The X-ray sources in the 3 and 14-h fields are identified with optical ob

jects, where possible, using the deep m ulti-band Canada-France Deep Fields 

(CFDF) survey, which covers the m ajority of these two fields. The 10-h field 

does not have deep optical coverage. The optical properties of the AGN 

host galaxies are wide ranging, indicating th a t X-ray selected AGN are not 

confined to a particular galaxy type or host optical luminosity. The red

shift distribution of the X-ray selected AGN (determined using photometric 

redshift estimates) shows a clear peak at z  ~  0.7.

• The 2-point angular correlation function, W (0),  is calculated for the AGN 

identified in the 3 and 14-h fields but no significant clustering is detected. 

However, the results are consistent with X-ray selected AGN being good 

tracers of the normal, inactive galaxy population.

• The environments of galaxies hosting m oderate luminosity AGN at z ~  0.5 

are investigated using the clustering am plitude measure B gq and close pair 

counts. W hen compared to a control sample of equivalent inactive galaxies 

no difference is found between the respective environments. This suggests 

th a t environmental properties on the 30 — 500 kpc scale have no influence on 

the presence of nuclear activity in a galaxy. Minor mergers with low mass
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companions is therefore the most likely mechanism by which these AGN are 

fuelled.

• A new m ethod for finding high redshift, optically selected, galaxy clusters is 

presented and is compared to X-ray selection. It is found that most optically 

selected clusters may have lower than  expected X-ray luminosities, suggesting 

that they are dynamically young compared to X-ray selected clusters. This 

may have im portant implications for current X-ray cluster searches, which 

will miss these unvirialised clusters.

8.2 Concluding Rem arks

The most im portant point th a t this thesis demonstrates is tha t deep X-ray and 

optical surveys of the same fields are an extremely powerful combination. As more 

large format instruments become available, over the coming decade, the number of 

wide-angle deep optical surveys will multiply. The sheer quantity of data tha t will 

become available in public archives is staggering and to not take full advantage of 

it would be a shame. The future of X-ray astronomy rests with Constellation X  

and XEUS  but since both  of these missions will have smaller fields of view than 

even Chandra future large X-ray surveys will need to be constructed from many 

mosaicked fields. This shouldn’t be too much of a problem however, as the increase 

in sensitivity of these missions over XM M  and Chandra should mean that large 

areas will still be achievable relatively quickly. They will also have the advantage 

of a broader spectral range, reaching right up into the peak of the XRB at 30 keV. 

This will enable the selection of very heavily obscured AGN, the ones most likely 

to be responsible for the m ajority of the XRB energy density.
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But these missions are many years away so we must take full advantage of 

the current instrum entation while it is still operational. The XMM-LSS survey 

is likely to be the largest area joint X-ray and optical survey for many years to 

come. At 64 square degrees, when complete, it will contain hundreds of (luminous) 

galaxy clusters and many thousands of AGN at z  <  1. Unfortunately the relatively 

shallow nature of the X M M  exposures (10-20 ks) means th a t the lowest luminosity 

sources will only be visible at low redshift. However, it can provide the benchmark 

against which deeper surveys with future X-ray missions can be compared.

I hope th a t the work presented in this thesis has dem onstrated the variety 

of science th a t can be investigated using this combination of data. And there 

is still a great deal more th a t I did not investigate, such as the evolution of the 

X-ray luminosity function and using the AGN population to test models of the 

XRB production; all of which would have been interesting to explore if time had 

perm itted.

I t ’s a big sky up there, and i t ’s not going anywhere fast.
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