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ABSTRACT

Studies of scaling relations in groups and clusters of galaxies have shown that the X-ray proper-
ties of groups deviate the most from the self-similar prediction. This is because groups are more
affected by non-gravitational processes due to their shallower potential well, a behaviour which
makes groups an ideal class of systems for the study of the impact of feedback. From the ob-
servational point of view, the study of the X-ray properties of groups, especially at high redshifts
is hindered by their lower surface brightness compared to their more massive counterparts. We
present the result from the Chandra Deep Group Survey, a survey dedicated to find high redshift
groups in the deepest observations available in the Chandra archive. We found 26 groups and 36
clusters with available redshifts, with largest redshift being 1.3. We have used this sample to in-
vestigate the evolution of cool cores in these two classes of systems using cooling time divided by
the age of the cluster as a parameter to describe the cooling state. We have found that groups and
clusters have similar evolution in their cool core properties. Both classes of systems have a wide
spread in the cool core parameter at low redshifts, which then narrows at high redshifts showing a
lack of strong cool core systems.
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STATEMENT OF ORIGINALITY

This thesis describes the research work carried out at the University of Birmingham between Oc-

tober 2008 and March 2013.

Chapter 1 is an introductory chapter which gives an overview of the A-CDM cosmological model,
formation and properties of groups and clusters of galaxies. Most of the images used in this chapter

are part of literature results or manuals, and a reference or credit has been given.

Chapter 2 describes the Chandra Deep Group Survey (CDGS), which is a search for groups of
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Sanderson and Dr. Ewan O’ Sullivan.

Chapter 3 represent a study of the evolution of cool cores in groups and clusters using the sample
constructed as described in Chapter 2. This Chapter has been written in form of a paper: The
Chandra Deep Group Survey - cool core evolution in groups and clusters of galaxies, which has
been published in the Monthly Notices of the Royal Astronomical Society (Pascut & Ponman
2015). My contribution to the paper, in addition to the data reduction and analyze, was to write the

first draft under the guidance of my supervisor, who wrote the final form of the paper.

Chapter 4 presents a discussion of the work presented in this thesis, a short summary and sugges-

tions of possible work which could follow from this thesis.
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Chapter 1

Introduction

1.1 Standard A CDM cosmological model

The aim of any modern cosmological model is to give a mathematical description of the Universe,
to explain its observed properties and make predictions about its evolution. Various models have
been proposed over time, but the expanding knowledge about the Universe obtained through ob-
servations has allowed the ruling out of some of them. Since there is a mutual dependence between
mathematical models and observations, new improved observations are able to put constraints on
theoretical models. On the other hand, models give predictions which have to be tested by obser-

vations.

For example, one of the first models of modern cosmology was Einstein’s model of the Universe.
This model assumed that the Universe is static, has positive curvature (i.e. is finite and unbounded)
and is filled with non-relativistic matter. This model of the Universe was ruled out after the as-
sumption of a static Universe was proven wrong by early optical observations of galaxies. These

observations showed that galaxies have an higher recessional velocity with increasing distance, a

1
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property which is expected if the Universe was expanding.

Currently, the most accepted model for the Universe is the ACDM model. According to this model,

the Universe has the following characteristics:

it is expanding, and the rate of expansion is given by the Hubble parameter

it has an accelerated expansion

the largest contribution to the total matter in the Universe is given by cold dark matter

it has a flat geometry

total energy density dominated by dark energy

A CDM model is the most accepted because it is able to explain best the observed properties of
the Universe such as its accelerating expansion, the existence and characteristics of the radiation
emitted immediately after the Big Bang, known as Cosmic Microwave Background (CMB), the
large scale structure of galaxy clusters and the distribution of chemical elements. The following
sections of this Chapter will give a brief description of the observational evidence which supports

the ACDM model.

1.1.1 Expanding Universe; Distances in an expanding Universe

One important property of the Universe revealed by observations is its expansion. The fact that
distances in the Universe increase with time was an early discovery based on observations of
nearby galaxies. Hubble compared distances to nearby galaxies with their recessional velocities
and found a linear dependence between them, with higher velocities for more distant galaxies. To
describe mathematically the change in distances between astrophysical objects, a scale factor is

used. For now on I will use the notation a(z) for the scale factor at a moment ¢ and adopt the
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usual convention a(ty) to represent the scale factor at the present time. The scale factor at a time ¢
represents the ratio of the distance between two objects at that time to the distance between objects
at a reference time 79. Therefore, the scale factor at the present time, is by convention equal to 1
which leads to scale factors > 1 in the future, when the distances between objects increase, and
< 1 in the past, when the Universe was smaller. One important consequence of the expansion is
the change in the wavelength of radiation received from objects in the expanding Universe. The
increase in distances leads to an increase in the wavelength of the radiation detected from an object
compared to the wavelength of that radiation at the time it was emitted. The fractional change in

the wavelength is characterized by the cosmological redshift, which is given by:

_ }Lobs - )Lem

o (1.1)

where Aep, is the wavelength of radiation at the time it has been emitted and A is the wavelength
at the time it has been observed. The relation between redshift and scale factor is then given by
the ratio between scale factor at the present time and the scale factor at the time the light has been

emitted (fopm):

l+z= (1.2)

There are different ways of defining distances in an expanding Universe, including the following:

comoving distance, proper distance, luminosity distance and angular diameter distance.

Comoving distance () can be interpreted as a benchmark based on which distances in an expand-
ing Universe can be measured. It is the actual physical distance between two objects measured at a
particular reference time. If the Universe is expanding/contracting with a scale factor a, the comov-
ing distance between these two objects will remain constant, although the actual physical distance
between them is changing. Generally, the reference time adopted is the present time (zyp = 0), at
which the scale factor is 1 and is the only time when the comoving distance represent the actual

distance between two objects.
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Proper distance (d) represents the actual physical distance between two objects. It is the comoving
distance (r) multiplied by the scale factor (a). Compared to comoving distance, which is constant

with time, proper distance varies with it if the Universe is expanding/contracting.

Luminosity distance (dr) is a simple approximation of the distance to one object for which its
luminosity (L) is known. Since the observed flux of the source (f) is the luminosity per unit area
of the sphere with radius di, centred on the source, the relation between the distance to the object,

its flux and luminosity is given by:
L

dnd?

i (1.3)

For a flat and static Universe, luminosity distance equals proper and comoving distance. Neverthe-
less the Universe is expanding and as it expands, the observed flux is expected to decrease since
the distance to the object increases. In addition to this, a decrease in the observed flux is seen
because the energy of the photons passing through the unit surface area decreases by (1 +z) and

their arrival time increases by (1 +z).

Therefore, the flux received at z = 0 is:

L
/= 47ta(to)>r2(1+z2)? (14)

Combining Equation 1.3 and Equation 1.4, luminosity distance is given by:
dp=(1+2)rn, (1.5)

where r is the previously defined comoving distance.

Angular diameter distance (d,) is an estimate of the distance to extended objects for which the
physical size of the object is known (D). If the source subtends an angle ® on the sky, by using

simple geometrical formula, we can obtain the distance to the source to be:

D D D(l1+2)

O=—= S S
dn ar  a(to)r

(1.6)
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Therefore the angular diameter distance is:

(1.7)

1.1.2 Evolution of the Hubble parameter

Information about the dynamics of the Universe can be obtained by studying the change of the

scale factor as a function of time. The fractional rate of change of the scale factor is given by:

H(it) === (1.8)

where H(t) is called the Hubble parameter and a(r) represents the scaling factor at a time ¢. The

way in which Hubble parameter changes with time is given by the Friedmann equation:

N\ 2 2
a 8tG A ke
H(t)Zz (5> :Tp_}_g_? (1.9

where p is the mean matter density, which is a function of time, c is the speed of light, A is the cos-
mological constant and k is the curvature parameter, which gives indication about the geometrical

properties of the Universe.
A special case of Friedmann equation is obtained for k = 0 (flat Universe) and A = 0 (matter
dominated Universe). By rewriting Equation 1.9, the density of matter in this Universe is given by:

2
prt(t) =p(1) = 20

(1.10)

This density, named critical density, represents the mean matter density required for a matter dom-
inated Universe (A = 0) to have a spatially flat geometry (k = 0). Critical density is used as a
reference value as function of which cosmological density parameters for various matter species
and cosmological constant are defined: density parameter for matter (Qu, (f) = Pm/Perit; Pm is the

density of matter; similarly, the density parameter for cold dark matter (€2.) and baryonic matter



6 Chapter 1 Introduction

(Qp) can be defined), density parameter for radiation (€;(7) = pr/Perit; Pr i the density of radi-
ation) and density parameter for the cosmological constant (Q4(t) = pa/Perit; Pa 1S the density
associated with the cosmological constant). Using these parameters, Equation 1.9 can be written:

kc?

= (1.11)

Q-1

where Q = Q, + Q. + Qp (Q(f) = p/perie) is the total density. If the density parameter for cur-

k 2
vature, Qg, is defined as %Hz’ then the Hubble parameter as a function of density parameters is
a
given by:
H*(z) = H3la(t) * Qe+ a(t) > Qum +a(t) 2(1 — Qum — Qp) + Q4 (1.12)

From Equation 1.11 it is evident that the curvature of the Universe is determined by the evolution
of total density. Best estimates for density parameters obtained from observations (Hinshaw et al.
2013) give us evidence that the Universe is flat (Q = 1.0027 700035 and Qi = —0.0027"50039),
the energy density is dominated by the energy associated with the cosmological constant (Q\ =
0.717£0.011), while the matter density of the Universe represent only ~ 30% of the total matter
(Qm = 0.285570-0099) which is dominated by dark matter (Q. = 0.2402000%%). The contribution

from the baryonic matter to the total density is only ~ 5% (Qp = 0.04628 £ 0.00093).

1.1.3 Dark matter

The concept of dark matter emerged as a results of studies of star dynamics and galaxy clusters
mass measurement. It is used to describe a matter component of the Universe that can not be traced
based on observations of electromagnetic radiations but rather through its gravitational effect on
baryonic matter. Observational proof for the existence of dark matter came from the measurements
of the mass of galaxy clusters, from its gravitational effect on photons (phenomenon known as

gravitational lensing), or from its gravitational effect on gas and galaxies in clusters.
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When observations of the circular motion of stars in spiral galaxies had been used to estimate
the gravitational mass of these galaxies, it have been observed that the orbital circular velocity of
stars is not decreasing at large radii, as expected if the total mass was given by that of stars and
was concentrated at the centre, but it rather remains constant with radius. This was interpreted as
evidence for existence of matter, in addition to that of stars within galaxies. Additional evidence
for dark matter had been found when estimates of the total mass of clusters of galaxies inferred
from the total amount of light received from stars and galaxies had been compared with mass
estimates based on the galaxy dynamics and a significant difference had been found, with dark

matter component being the dominant one.

Another indirect way to detect the presence of dark matter is through gravitational lensing, a phe-
nomenon by which a massive object can change the light path from background objects and there-
fore create a distorted image of the background object. The amount of distortion makes it possible
to map the mass of the object which behave like a lens. This method has been applied to ob-
servations of clusters to show that their total mass estimated from lensing exceeds the mass of
the gas estimated from X-ray observations. Proof for the existence of dark matter has been found
from multiwavelength studies of cluster 1E 0657-56, also known as the Bullet Cluster (Figure 1.1).
In Figure 1.1, which represents an optical image of the cluster, dark matter distribution obtained
from lensing and gas distribution inferred from X-ray observations, are overlaid in blue and pink
colours. What is known as Bullet cluster is actually a system formed after the collision of two
individual clusters. Combining the information obtained from lensing and X-ray, the behaviour of
gas, dark matter and their interaction can be studied. The disturbed morphology seen in X-ray data
suggests an interaction between the gas within the two clusters during the collision, while lensing

‘observation‘ of dark matter show its dissipationless nature.

Besides evidence for the existence of dark matter and information about its properties gained from

observations like the ones mentioned above, constraints on the density of dark matter have been
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Figure 1.1: Bullet Cluster (1E 0657-56). The background image represents the optical im-
age of the cluster, while the blue and pink overlays represent X-ray emission from intraclus-
ter medium and the distribution of mass inferred from gravitational lensing mass maps. Credit:
X-ray: NASA/CXC/CfA/ M.Markevitch et al.; Lensing Map: NASA/STScl; ESO WFI; Magel-
lan/U.Arizona/ D.Clowe et al. Optical: NASA/STScI; Magellan/U.Arizona/D.Clowe et al.
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obtained from observations of CMB. More recent estimates for the matter density parameter show
evidence that this matter component dominates over the baryonic matter component, with about
85% of dark matter and 15% baryonic matter (Collaboration et al. 2013b; Hinshaw et al. 2013). Al-
though knowledge about the density and properties of dark matter exists, the nature of dark matter
is not a solved puzzle yet. Among the most important dark matter candidates are: 1) Massive Com-
pact Halo Objects (MACHOs); These are are astrophysical sources that do not emit any radiation
or are too faint to be detected, such as black holes, brown dwarf, neutron stars and white dwarfs. If
these sources are numerous then a significant fraction of the dark matter can be accounted by these
MACHGO:s. The tool used to detect these objects is through gravitational microlensing (Paczynski
1986; Roulet & Mollerach 1997). When a MACHO passes close enough to the line of sight to a
luminous background object (a star), there is a lensing effects (microlensing) as a result of which,
the intensity of the background object is increased. A number of surveys have been designed to
search for these microlensing effects from stars in the Large Magellanic Cloud, Small Magellanic
Cloud or in the Galactic Bulge: EROS (Tisserand et al. 2007), OGLE (Wyrzykowski et al. 2009,
2010, 2011), MACHO (Alcock et al. 2000), etc. Results from these projects suggest that although
MACHOs account for between 8% and 50% of Milky Way’s dark matter halo, they are far less

numerous to represent the only dark matter candidate.

i1) Weakly Interacting Massive Particles (WIMPs), which are considered to be elementary particles
which interact only through gravitational and weak forces, neutrinos and axions. The search for
these dark matter candidates is a challenging on-going work. Different experiments are built to
directly detect WIMPS, based on their interaction with baryonic matter. The Large Underground
Xenon experiment (LUX; Akerib et al. 2013), DarkSide-50 (Agnes et al. 2014), XENON (Aprile
et al. 2005), Particle and Astrophysical Xenon Detector (PandaX; Cao et al. 2014), the Cryogenic
Dark Matter Search (CDMS) and SuperCDMS (Akerib et al. 2004) experiments are some of them.

Although the results obtained so far show no conclusive evidence for the existence of WIMPs
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(Agnes et al. 2014, PandaX Collaboration et al. 2014), due to the fact that WIMP events are rare
(and therefore it is more difficult to separate their signal from background events), the search for

their existence is an on-going effort.

1.1.4 Dark energy

Observations of galaxies have led to the discovery of one important dynamical property of the
Universe: its expansion (see Section 1.1.1). It is also observations, in particular those of Type Ia
supernovae, which led to the discovery that the Universe has an accelerated expansion. The proof
for an accelerated expansion of the Universe came independently from two different projects: Su-
pernova Cosmology Project (Perlmutter et al. 1999) and High-Z Supernova Search (Riess et al.
1998). On one hand, high luminosity and almost similar brightness of Type Ia supernovae, makes
them a very useful tool to measure the distance to their host galaxy, even for very distant super-
novae, using the luminosity distance (see Section 1.1.1). On the other hand, the measurement of
their redshift gives indication about how much the Universe has expanded since their light has been
emitted. The study of the relation between these two gives information about the expansion of the

Universe.

To explain the observed acceleration of the Universe the concept of dark energy has been intro-
duced. The origin and nature of this energy component is currently unknown, and large surveys
are dedicated to its study. Information about dark energy can be obtained by using different ob-
servational probes like: Type Ia supernovae, galaxy clusters, weak lensing and baryon acoustic
oscillations. It has already been explained how measuring the luminosity and redshift of super-

novae can give information about the expansion.

Clusters of galaxies and galaxy lensing observations represent very useful observational probes for

dark energy (Alam et al. 2011). They can give information about the expansion of the universe by
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investigating how the number of clusters within a given volume changes as the volume is increased
by the expansion. Moreover, the redshift distribution of clusters depends on the way in which the

structure forms in the Universe, a process which is dictated by dark energy.

Baryon acoustic oscillations represent pressure waves created by oscillations of the photon-baryon
fluid that existed before decoupling epoch in the early times of the Universe. These oscillations
leave an imprint on the large-scale clustering of galaxies and can be used to measure distances and
the acceleration of the expansion rate (Cole et al. 2005; Eisenstein et al. 2005; Blake et al. 2011;

Kazin et al. 2014).

1.1.5 Geometry of the Universe

The best evidence for a flat geometry of the Universe comes from the study of CMB, and in
particular of the temperature anisotropies observed in the CMB (Dodelson & Knox 2000; Jaffe
et al. 2001; Netterfield et al. 2002). The amplitude of these fluctuations as a function of the angular
scales at which these anisotropies are observed (i.e. angular power spectrum), represent a valuable
tool which can be used to put constraints on cosmological parameters. A map of CMB anisotropies
and the angular power spectrum obtained by Planck are showed in Figure 1.3. The angular scale
corresponding to the position of the first peak is the one which depends on the spatial geometry of
the Universe. Therefore, the good agreement between the observed power spectrum and the one
predicted by a model with total matter density almost equal to unity provides evidence for a flat

Universe (Qg = —0.0014 £0.017; van Engelen et al. 2012).
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1.2 Big Bang Nucleosynthesis

Another observational signature of the Universe which supports the ACDM model is the abun-
dance of elements in the Universe. The Big Bang model predicts how the first elements in the
Universe are created, a process called Big Bang Nucleosynthesis (BBN). This process takes place
in the first 20 minutes after the Big Bang, when the temperature and density of the Universe is so

high that nuclear reactions can occur.

The first nuclide to be created is deuterium (D), an isotope of hydrogen formed as a result of the
collision between a proton and a neutron. The interaction of deuterium with a neutron/proton leads
to the formation of tritium (T)/ >He. With the rapid expansion of the Universe, accompanied by
a drop in temperature, the synthesis of elements stops and the Universe is filled only with light

nuclides: D, *He, “He and "Li.

According to the BBN model, the abundances (relative to protons) of these nuclides are determined
by only one free parameter: the ratio of baryons to photons (Steigman 2001). Since this ratio can
be estimated independently from the observations of the anisotropies of the CMB, a good test for
the Big Bang model is to compare the abundances predicted by the BBN with those estimated

directly from observations.

Figure 1.2 shows the BBN predictions of how the abundance of each element depends on the
baryonic matter density. Red circles mark the expected values for the abundances of each element
for the matter density value estimated from the Wilkinson Microwave Anisotropy Probe (WMAP;
red line). A set of abundances relative to hydrogen predicted from the BBN for D, *H and "Li
is: (2.68£0.15) x 1073, (1.0540.15) x 107> and (5.14£0.50) x 10~!9, while the mass fraction
prediction for 4He is 0.2476 +0.0004 (Coc & Vangioni 2010).

Because after BBN, stellar nucleosynthesis can change the primordial abundances of the nuclides
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(with the exception of D which is only destroyed after BBN), astrophysical sources used to estimate
the primordial abundances are generally those which have not been enriched with stellar-produced

nuclides during the evolution of the Universe.

Observations of clouds at high redshift on the line of sight of distant quasars have been used to
estimate the abundance of deuterium. Some of the estimated abundances are: 2.42‘:8:;2 x 107
(Kirkman et al. 2003), 3.317043 x 107> (O’Meara et al. 2006), 2.7570:37 x 107> (Pettini et al.

2008) and 2.8270%0 x 1073 (Fumagalli et al. 2011).

The abundance of “He is determined from extragalactic regions of ionized hydrogen (H IT). Among
mass fractions reported in the literature are: 0.2477 +-0.0029 (Peimbert et al. 2007), 0.250 £+ 0.004
(Fukugita & Kawasaki 2006) and 0.2565 +0.0010 (Izotov & Thuan 2010).

Since 3He is both created and destroyed in stars and the evolution of its abundance is not well
known, a secure estimation of its primordial abundance is difficult to obtain. For example, Bania
et al. (2002) have estimated the abundance of He from observations of an H II region within our

Galaxy and inferred a value of (1.140.2) x 107°.

Li is estimated from observations of metal-poor Galactic halo stars. These stars are showed to
have a constant 'Li abundance independent of their metallicity which suggests that lithium is in its
primordial form, without being affected by Galactic nucleosynthesis (Spite & Spite 1982). Some
literature estimates for lithium abundance are: (1.23f8:?g) x 10710 (Ryan et al. 2000), 1.1 — 1.5 x

10719 (Asplund et al. 2006) and 1.584-0.31 x 10710 (Sbordone et al. 2010).

A comparison between observed and predicted abundances for primordial nuclides shows a good
agreement for all elements except for 'Li. This good agreement represent a confirmation of the
Big Bang model and the ACDM model. However, this is not a total agreement, since the observed
abundance of "Li is a factor between 2 and 4 lower to the predicted value. This discrepancy, dubbed

‘the lithium problem’, is still an unresolved puzzle and the key to it is sought by improving the way
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Figure 1.2: The predicted abundance of deuterium, helium and lithium as a function of matter

density. The vertical red line marks the value of the matter density measured by WMAP. For

this value of the density, the expected abundances of shown elements are marked with red circles.

Figure credit: NASA / WMAP Science Team.

in which the primordial lithium abundance is measured or by investigating for possible errors in

the BBN light element predictions (Fields 2011).

1.3 Formation of large-scale structure

The ACDM cosmology, as an extension of the Big Bang model, is based on the Cosmological

Principle which assumes that the Universe is homogeneous and isotropic. Observations of the
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radiation emitted immediately after the Big Bang confirmed that indeed, on large scales, larger
than the size of clusters of galaxies, the Universe is uniform. On the other hand, the presence of
stars, galaxies and clusters structured into filaments and voids is a clear indication that on scales of
the size of clusters, the Universe is non-uniform. This section will give a description of the current

accepted model for the formation of the large scale structure which can be observed today.

The key observation than can be used to answer the question of how the large scale structure in
the Universe has formed, is the Cosmic Microwave Background (CMB), which represents the flux

received in the microwave energy regime from all over the sky.

The most accepted explanation for the origin CMB comes from the Big Bang Theory. According to
this theory, the photons which can be detected as CMB represent radiation emitted shortly after the
Big Bang. One of the observed properties of the CMB spectrum is its very good agreement with
that of a black body spectrum, with a temperature of 2.7 K. For a source to produce a blackbody
spectrum, it has to be non-reflecting, isothermal and opaque. According to the Big Bang Theory,
these are the properties of the Universe immediately after the Big Bang, in a period known as the
recombination epoch. At the time of recombination, the Universe was very hot and very dense, and
filled with hot plasma of particles (protons, neutrons, electrons) and photons. It is the time at which
ions and electrons combine and density of neutral baryonic matter starts to increase. The Universe
is opaque and the energy distribution of photons follows a black body spectrum. At the same time,
the Universe expands and the interaction between photons and electrons is less. The Universe
enters into the epoch of photon decoupling, in which it became more transparent to photons. In the
last phase, called the last scattering, the large expansion has created a transparent Universe in which
CMB photons can travel without interacting with electrons. It is during recombination/decoupling

when the CMB is created and its spectral properties are fixed.

Another property of the CMB is the almost uniform distribution of its temperature. All sky, high
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Figure 1.3: Left panel: Full sky Cosmic Microwave Background (CMB) measured by Planck satel-
lite. Credit: ESA and the Planck Collaboration; NASA / WMAP Science Team. Right panel: An-
gular power spectrum measured from Planck, Wilkinson Microwave Anisotropy Probe (WMAP),
the Atacama Cosmology Telescope (ACT) and the South Pole Telescope (SPT). Figure from: Col-

laboration et al. (2013a)

resolution observations of CMB has been performed with WMAP and more recently with Planck
satellite. Based on these observations, small temperature fluctuations have been detected in the
black body temperature fitted from the CMB spectrum extracted from regions with different scales.

Figure 1.3 shows the anisotropy temperature map obtained by Planck.

These temperature fluctuations indicate the presence of small fluctuations in the density distribution
of matter at the time when radiation from the CMB had been created. CMB, through its temperature
fluctuations gives important information about the matter distribution and the formation of large-

scale structures in the Universe.

Gravity plays a crucial role in determining the evolution of density fluctuations, through a mecha-
nism known as gravitational instability. As the Universe expands, the mean density surrounding

over-dense regions decreases. On the other hand, in the over-dense regions the gravitational fields
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is stronger than that in the surrounding regions and will resist Hubble expansion. The result of
this will be that positive density fluctuations will grow over time. The opposite effect is seen for
the underdense regions, for which the self-gravity is weaker than that which corresponds to Hub-
ble expansion and therefore the amplitudes of these density fluctuations will increase as well in

modulus.

The simplest model which describes the collapse of matter and formation of virialized objects is
the top hat model. This model represents overdensites as spherical regions with a uniform mean
density. As these overdensies grow, these regions will evolve independently of the background
medium in which they reside. The perturbations will grow until they reach a maximum radius,
called the turn around radius, at which point, the overdensity will not follow anymore the Hubble
expansion. The overdensity will start collapsing and entering into a process called virialization,
at the end of which a virialized object is formed. A gravitationally bound system of particles is
said to be virialized if it obeys a simple relation between the total kinetic (Kg) and potential energy

(Pg), given by the virial theorem:

Kg—2P: =0 (1.13)

The response of the mean density of the perturbation to these processes is to increase as the process
of collapsing and virialization start. It is useful to compare these densities to the critical density at
a corresponding time and get the density contrast (A = p/pcri¢)- For a matter dominated universe,
the density contrast after virialization is: Ay = p /pcrit = 178. For a ACDM cosmology, this density

contrast can be approximated with:

Ay = 1877 + 82[Qu(z) — 1] — 39[Qum(z) — 1]? (1.14)

(Bryan & Norman 1998), where Q, represents the ratio between total matter density of the Uni-

verse and critical density.
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The density contrast (Ay) it is used to define the radius of virialized systems as the radius r, within

which the mean matter density is Ay P¢ri¢ (Eke et al. 1996).

1.3.1 Virial shocks in galaxy and cluster haloes

In the ACDM model, the formation of large scale structures takes place in an hierarchical fashion,
with smaller objects being the first one to form and then grow into more massive objects like
groups and clusters of galaxies. In the standard spherical collapse model (Gunn and Gott1972),
the formation of large scale structures starts when a spherical symmetric overdensity decouples
from the Hubble flow, slows down, turns around and collapses. From this point on, this collapsed

object will start growing through accretion of smaller units by gravitational infall and mergers.

The simple model for gas accretion is the generalized spherical model for gas accretion (Knight &
Ponman 1997; Tozzi & Norman 2001; Voit et al. 2003), in which a shell of gas which is accreted
on the cluster experiences different processes. The shell of gas which decouples from the Hubble
flow, starts falling back and suffers adiabatic compression during its infall. At some point during
its supersonic flow towards the centre of the halo, the gas reaches the accretion radius, where it
encounters nearly stationary gas that had already collapsed. The gas is shock heated to the virial
temperature of the halo. Then, the gas is further compressed within the potential well of the cluster

due to further growth of the halo.

A prediction of 3D cosmological N-body and hydrodynamical simulations is the existence of an
expanding accretion shock, known as “virial shock”, generated at the interface between the inner
hydrostatic gas and the external medium (e.g. Evrard 1990; Bryan & Norman 1998; Keshet et al.
2003). However, the assumption that matter is accreting on clusters in spherical shells with uniform
density is not a valid one for a cold dark matter dominated Universe in which the accretion is lumpy

and anisotropic. With gas falling into the cluster along filaments, the location and strength of the
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shock varies along different directions.

More complexity is added to this picture of gas accretion if the cooling time of the post-shocked
gas is taken into account. If the cooling of the post-shocked gas is inefficient then the post-shocked
gas will be able to support the shock against gravitational collapse at approximately virial radius.
On the other hand, if cooling times are sufficiently short, the gas will collapse and will not be able
to support the shock which will form at much smaller radii compared to virial radius (Birnboim &
Dekel 2003). The 1-D hydrodynamic model of Birnboim & Dekel (2003) predicts a critical value
of about 10'! M, for the mass of a dark matter halo above whcih the shock is supported at the

virial radius.

Although from a theoretical point of view the presence of shocks at about virial radius is required,
at least for massive systems, during the process of the formation of large scale structures, there is
no significant observational confirmation for these shocks. The main reason for the lack of obser-
vational evidence is the difficulty to detect shocks close to virial radius, where cluster gas density
is very low and therefore reliably detect any density discontinuities which are a characteristic of a
shock. Compared to X-ray observations, in which the X-ray flux is proportional to the square of
the density, in the case of SZ observations the flux is proportional to the gas density. Since the SZ
surface brightness has a less rapid drop than X-ray surface brightness, SZ observations of clusters
provide a better chance of detection of virial shocks. Although there are no SZ detections of virial
shocks reported in the literature yet, high resolution telescopes like Atacama Large Millimeter Ar-
ray (ALMA) are predicted to allow the detection of strong shocks around the virial radii of clusters

(Kocsis et al. 2005).
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1.3.2 Galaxy formation

In the hierarchical model of structure formation, galaxies represent the building blocks for the
formation of larger scale structures like groups and clusters. According to an early model of galaxy
formation, when galactic size dark matter haloes are collapsing, they accrete gas which is able to
cool efficiently and condense at the centre of the halo and form a galactic disk (White & Rees
1978). Attempts to confirm this model with observations of galaxy properties have run into several
problems, one of them being known as the “overcooling” problem. The overcooling problem is
the discrepancy between the amount of gas which has cooled and condensed during the galaxy
formation and the subsequent formation of galaxy groups and clusters in cosmological simulations

compared to observations.

Cosmological N-body simulations can predict the number density of dark matter haloes within
a given mass range (i.e. halo mass function) (Reed et al. 2007; Tinker et al. 2008). From the
observational point of view, the property which is more easily measurable is the galaxy luminosity
function (galaxy luminosity number density within a given luminosity interval), a function which is
expected to have a similar shape to that of the halo mass function. However, observations show that
the galaxy luminosity function is different to theoretical expectations at the low luminosity end, as
well as the high luminosity end (see Figure 1.4 for a qualitative representation of the discrepancy

between observations and theoretical expectations).

The faint-end slope of the observed luminosity function has been found to vary depending on
the observed band and galaxy environment between ~ 0.9 and ~ 1.5 (Ryan et al. 2007), while
simulations predict a steeper slope of ~ 2 (Finlator et al. 2006; Night et al. 2006; Jaacks et al.
2012). This discrepancy suggests that star formation must be inefficient in low mass systems. The
most likely process thought to be responsible for the discrepancy between predicted and observed

faint-end slope of luminosity function is the supernovae (SN) feedback. Supernovae explosions



1.3 Formation of large-scale structure 21

theory (CDM-motivated)

— L* ~ 3)(1010 L:Ej‘:-
£7 L
g PO

o(L) |

observations

?i \'®
¥y TS 3
e@?‘ﬁg’?y

£

Galaxy luminosity AGN

Figure 1.4: A schematic representation of the discrepancy between the expected (red line) and
observed (blue line) galaxy luminosity function at low- and high-luminosity end. Figure from Silk

& Mamon (2012).

are able to reduce the efficiency of star formation and therefore the galaxy luminosity by heating

or ejecting the gas out of galaxies through galactic winds.

While including SN feedback in cosmological simulations is able to bring the predicted and ob-
served faint-end luminosity functions into an agreement (Kauffmann et al. 1999; Efstathiou 2000),
SN feedback however, is not able to match the luminosity functions at the bright end by suppress-
ing the number of very luminous galaxies (Borgani2004). This is because SN feedback is more
efficient in lower mass haloes, with a shallower potential well from which they can expel or heat
the gas more efficiently (Benson et al. 2003). Therefore, a more efficient heating mechanism is
required to solve the problem of overproduction of bright galaxies in cosmological simulations
compared to observations. This mechanism is AGN feedback (see 1.6 for more details on AGN

feedback).

One important observational evidence which suggests that AGNs must play an important role in
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the process of galaxy formation is the fact that all galaxies host a central supermassive black
hole (SMBH) and there is a tight relation (known as Magorrian relation) between the mass of the
SMBH and that of the bulge of a galaxy (Magorrian et al. 1998; Marconi & Hunt 2003; Héring
& Rix 2004). This relation can be interpreted as evidence that black holes were responsible for
determining the growth of galaxies or vice versa. Moreover, since more massive galaxies host
larger black holes, the energy injection from an AGN is greatest in more massive systems, in
contrast to the case of stellar feedback. Including AGN feedback in semi-analytical models of
galaxy formations have demonstrated the necessity of this mechanism for reproducing the bright
end of the galaxy luminosity function (Bower et al. 2006; Croton et al. 2006; De Lucia & Blaizot

2007; Somerville et al. 2008).

1.3.3 Dark matter density profile

The distribution of matter in collapsed and virialized systems is, as already showed, dominated by
dark matter. A dark matter halo includes 80% dark matter and only 20% baryonic matter whose
distribution inside the dark matter halo is dictated by the gravitational potential of the halo. But
what is the distribution of dark matter? An answer to this question has been sought by various
studies mostly from a theoretical point of view, with analytical models and N-body numerical

simulations, but also from an observational point of view.

Simple analytical models and early lower resolution numerical simulations describe the shape of
the density distribution of matter by a power law, with a function given by the Singular Isothermal

Sphere (SIS):

Later on simulations, with improved resolution showed that the slope of the density profile changes

with radius, with a steeper profile at larger radii. A function adopted by Dubinski & Carlberg 1991
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to parametrize the different distribution of density in the inner and outer region of the halo is the
Hernquist profile (Hernquist 1990) given by:

1
P )T+ )

A similar form with that of the Hernquist profile although with a different outer logarithmic slope

is the The NFW profile (Navarro et al. 1995), which is described by

_ Ps
P = Gy )2

where pg represent the amplitude of the density profile and 7y is a characteristic radius since it is the
radius at which the slope of the density profiles changes. For r << rg, p ~ r~! while for r >> r;,
the profile is steeper, with p ~ r—3. This radius is used to define a concentration index as the ratio
between rpop and rg (¢ = r200/rs), which gives information about mass concentration. If rg is much
smaller than rpgg it means that the mass is more strongly concentrated towards the centre. The only
difference between the NFW profile and Hernquist profile is the behaviour of density at very large

radii, where the NFW profile is shallower than the Hernquist.

One important result obtained by Navarro et al. (1997) is that NFW is an universal profile which

represent a good approximation to halos of different mass range at various radii.

Generalized NFW Density Profile (Zhao 1996) represent another parametrization for the halo

density profile based on more recent N-body simulations. The form of density profiles is given by:

Ps
(r/r) 1+ /)@

p(r)=

where o is called inner slope and is the central, negative, logarithmic density slope. From the
equation it can be seen that this is a generalisation of the NFW profile, which can be obtained from
o = 1. a represent a parameter in the fitted model and determination of its value represent the aim

of several number of works, from the theoretical point of view as well as observational. Typical
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values for alpha lie in the 1.1 £0.4 range (Moore et al. 1999; Ghigna et al. 2000; Diemand et al.
2005). The universal profile found by Navarro et al. (1997) has also been confirmed by the study
of Moore et al. (1999). Like Moore et al. (1999), Jing & Suto (2000) find a steeper profile for
the inner profile slope compared to the NFW. However, they do not find that DM density profiles
are universal across a wide range of masses, but they show that profiles become less cuspy with

increasing mass. Moreover, they even found a scatter for the same mass.

A common feature of all these profiles is an increasing density towards the centre, with an infinite
density at »r = 0. Some studies have showed that the Einasto profile provides a better description
of CDM halos than the NFW or the gNFW ( Navarro et al. 2004, 2010; Merritt et al. 2005, 2006-
Empirical models for DM halos: I; Stadel et al. 2009; Reed et al. 2011). Dutton & Maccio (2014)
showed that CDM halos are better described by Einasto profile. Compared to all above mentioned

profiles, the Einasto profile has a finite central density. Einasto profile is given by:

p(r) = psexp(=2/(a)(r/r)* —1)

o is called shape parameter.

Comparison with observations of the density distribution of DM is hindered by the presence of
baryonic matter within DM halos. The gravitational potential created by baryonic matter has an
influence on the DM density distribution, whose profile is different from that obtained from pure
dark matter simulations. If all DM halos have an universal shape, then information about DM
distribution can be obtain from observations of objects residing in small DM halos, like galaxies

or observations from clusters of galaxies which inhabit the largest DM halos.

Based on X-ray observations of 34 dynamically relaxed clusters, Schmidt & Allen (2007) found a
good agreement with NFW model (alpha consistent with unity 0.88 - 0.29), while the isothermal

sphere model can be ruled out in almost all cases.
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1.4 X-ray properties of groups and clusters of galaxies

1.4.1 Scaling relations

Clusters of galaxies have been discovered in optical images as galaxy overdensities, hence their
name. Dark matter has an important effect on the observed properties of X-ray groups and clusters
since it determines the shape and depth of the potential well. Depending on the strength of the
potential well, the gas is heated to high temperatures, and emits X-ray radiation through thermal
bremstrahlung and line emission. Temperatures found for these systems are varying from about
0.7 keV to about 12 keV. On the other hand, the distribution of the potential well determines
the distribution of gas density. Since X-ray emission is proportional to the square of its density,
galaxy clusters are the most luminous extended objects in X-ray with luminosities ranging between
104 — 10 erg s~! while groups’ luminosity ranges between 10*> — 10*3 erg s~!. The fact that
X-ray luminosity is scaling with the density of the gas, makes it a reliable estimate of the total gas

mass.

Although X-ray emission is associated with a large majority of clusters and its presence suggest
the existence of a virialized system, there are groups and clusters for which X-ray emission could
not be detected. It is not clear if the lack of X-ray emission is due to an absence of gas within
those clusters or the fact that gas is not heated to X-ray emitting temperatures. Figure 1.5 shows
the X-ray (left panel) and optical image with X-ray contours overlaid (right panel) of a cluster. The
regular X-ray emission suggests the existence of an evolved system, which has a strong potential

and a high concentration of gas at their centre.

According to simple models of structure formation that involve only gravitational processes, clus-
ters are the result of the gravitational collapse of overdense regions in the matter density distri-

bution in the Universe. These models predict a universal density profile for dark matter halos
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Figure 1.5: Left: Chandra X-ray image of the MACS J0913.7+4056 cluster of galaxies (observa-
tion ID: 10445, PI: Kenneth Cavagnolo). Right: Optical image of the same cluster, obtained with
the Hubble Space Telescope (HST). The image shows an overdensity of galaxies with a dominant
galaxy at the centre of the X-ray emission, which is marked by the white overlaid contours. (HST

image PI: Harald Ebeling)
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irrespective of their mass. Since gas in the ICM is tracing dark matter, the same universal density
profile is expected for clusters and groups and therefore p o p,, where p; is the gas density. As
a result, the observed global properties of X-ray clusters, like temperature and luminosity are ex-
pected to scale with the system mass. Therefore, systems with masses spanning several orders of
magnitudes should be self-similar and a set of scaling relations between X-ray global properties
like mass, temperature and luminosity can be defined. These scaling relations are derived using the
virial theorem, under the assumption that the emission from the gas within ICM is due to thermal
bremsstrahlung. To derive these relations, one aspect which has to be considered is how the radius
of the system is defined. If the size of the system is defined as the radius at which the system has

an overdensity (A) above the critical density, then this radius is given by:
o M3 p-! /3

Since density can be written like: Ap.i, the set of scaling relations are given by:

y o< Ml/3A_]/3H(Z)_2/3
Pg < p
M, T3/2A-1/2-1

Ly < T?AV2H

Ry is the virial radius of the cluster, M its total mass and L and T its luminosity and temperature.

If o is the line of sight velocity dispersion of the galaxies in the cluster, then 62 o RMV which based

on the above equations leads to:

o< VT
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Two aspects related to self-similarity can be investigated by studying the scaling relations: strong
and weak self-similarity. Strong self-similarity appears when systems at same redshift show sim-
ilar properties across a wide range of masses. If this strong self-similarity between objects at a
particular redshift is obeyed for all redshifts, then systems are in the weak self-similar regime. Va-
lidity of self-similar evolution has been tested with observations of clusters of galaxies (Vikhlinin
et al. 2002; Ettori et al. 2004; Lumb et al. 2004; Branchesi et al. 2007; Pacaud et al. 2007; Reichert
et al. 2011; Hilton et al. 2012; Maughan et al. 2012) as well as simulations (McCarthy et al. 2002;

Muanwong et al. 2006; Kay et al. 2007).

Figure 1.6 shows the observed scaling between luminosity and temperature, as well as velocity
dispersion and temperature for a sample of 60 groups from Osmond & Ponman (2004) to which
they add for comparison a sample of low redshift clusters. In each plot, solid line represents the fit

to the whole sample, the dashed line the fit to clusters and the dotted line the fit to groups only.

One of the best studied scaling relation is the L-T relation (Wu et al. 1999; Pratt et al. 2009;
Mittal et al. 2011). Studies of the correlation between temperature and luminosity over a large
temperature range showed that both groups and clusters (Markevitch 1998) depart from the self-
similar predictions, with a larger deviations for groups than for clusters (see left panel in Figure
1.6). While slope in the L-T relation for clusters vary between 2.52 — 3.26, for groups it has been
found to have slopes as high as 5.57, which is much steeper than the self-similar expectations of a

slope equal to 2.

One way to interpret the observed deviations in the L-T relation is that groups have a lower lumi-
nosity than expected for their temperature. In order to study possible sources responsible for the
deviations of a system from the self-similar expectations, one can look at the structural distribution

of several of its properties like gas density, temperature and gas entropy.
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Figure 1.6: Left: L-T relation for a sample of groups and clusters (Osmond & Ponman 2004). In
addition to their sample of groups (squares and circles), Osmond & Ponman (2004) use a sample of
clusters from Horner (2001) (stars) to compare the properties of groups with those of more massive
systems. The group sample is divided into two subsamples, depending on the detectable extent of
group emission: groups with extent radius greater than 60 kpc (G-sample; filled squares ) and
groups with extent radius less than 60 kpc (H-sample; open circles). The dashed line represents a
fit to the G-sample, the dotted line a fit to the clusters and the solid line a fit to the G-sample plus
clusters (the H-sample is plotted but not used in the fitting). Right: The sigma-T relation for the
same sample. The meaning of symbols and line styles is the same as in the left-hand side panel. In

addition, the bold line marks the points of equality between galaxy and gas specific energies.
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1.4.2 Gas density and surface brightness distribution

An universal profile for the distribution of gas in groups and clusters is a prediction of the self-
similar model because gas traces dark matter and dark matter halos are self-similar. Figure 1.7
shows the density and surface brightness distribution for two samples of groups and clusters. The
surface brightness profile reflects the shape of the gas distribution. This is because surface bright-
ness represents the projection on the sky of gas emissivity and emissivity is linked to density

squared through cooling function:

8\/ - l’lgAV

, where &, is emissivity at a frequency V, n. is the gas density and Ay is the cooling function for a
particular frequency v. Cooling function is dependent on the gas temperature (Ty) but also on its

abundance (see also Equations 5.82 and 5.19 from Sarazin (1988)).

The left hand side image shows, in addition to the gas distribution, the distribution of the cluster
total density. A self-similarity in the total density profile is observed for all systems in the sample.
As regards the gas distribution, the self-similarity is observed only at large radii. At a radius
of about 0.1R5(, there is a clear separation between groups and clusters, with groups having a
shallower distribution than clusters. The same dependence of profile steepening with temperature
can be observed in the right hand side panel. Therefore, groups and clusters seems to have a
universal density profile beyond 0.2 of virial radius, while inside this radius, a large scatter in
the density distribution can be observed. Same result has been obtained by Neumann & Arnaud

(1999).

Croston et al. (2008) showed that at very small radii (0.03R50g) the density profile of a sample of

groups and clusters with temperatures greater than 2 keV show a large dispersion, with no correla-
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Figure 1.7: Left: Density profiles for a sample of groups and clusters from Vikhlinin et al. (2006).

Right: Surface brightness profiles for a sample of groups and clusters from Ponman et al. (1999)

tion with temperature. At a larger radius (0.3R500), there is a strong correlation with temperature
of the slope of the density distribution. This correlation weakens at larger radii (0.7Rsq), where

both groups and clusters show a self-similar behaviour.

This steepening in the groups’ density distribution at smaller radii compared to clusters determines
areduction in X-ray luminosity for groups and therefore can explain the larger deviations of groups

from the self-similar expectations.

1.4.3 Temperature distribution

Like for the case of density distribution, self-similar models assume universal temperature profiles.
Observations show that in general groups and clusters have a self-similar temperature profile out-

side 0.15R»00 with a dispersion of the profiles in the central region. Figure 1.8 shows the radial
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Figure 1.8: Temperature profiles for a sample of 15 nearby groups observed with Chandra (Ras-
mussen & Ponman 2007). Profiles are normalized to the mean temperature of each group ((T))
and the group’s R509. An agreement between temperature profiles outside the position of the tem-
perature peak can be seen in this figure. Blue filled circles mark the profile outside the temperature
peak, while open circles mark the profile inside the core. Lines represent fits to the data outside the
core, using various functional forms of T/(T) versus r. The dispersion in the central temperature

profiles is showed by the inset histogram of T/(T), calculated at a radius of =~ 0.03R 5.

temperature distribution for a sample of groups studied by Rasmussen & Ponman (2007). The ra-
dius is scaled with Rsgp and temperature normalized to the mean temperature of the group. As seen
in this Figure, their profiles show a peak at 0.1R5qy, beyond which temperature starts to decline
and drop by a factor of 2 up to Rspg. In the inner region, there is a large variation for the slope of
the profiles and the temperature at the centre can drop up to half of the mean temperature of the

cluster.

The same trend in temperature profiles is found by Sun et al. (2009) in a sample of groups, with a

peak at the same fraction of Rsgg (0.1 R500) and similarity outside this radius. When mean groups
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temperature profile is compared to that of clusters, the peak in the distribution is at smaller radii

than in clusters, for which the peak appears at 0.15R500 (Vikhlinin et al. 2005).

1.4.4 Entropy distribution

The study of entropy distributions gives valuable information about the sources responsible for
self-similarity breaking. This is because entropy distribution, together with the shape of the dark
matter potential well determines the observed distribution of density and temperature of the gas.
Under the assumption of self-similarity for clusters, the gas entropy at a fixed fraction of virial
radius would be directly proportional with temperature. Moreover, analytical modelling of shock
heating in spherical collapse predict an increase in the entropy with radius in a form of a power

law with a slope of 1.1 (Tozzi & Norman 2001). Entropy is defined as:

kT

K=—,
R

(1.15)

where kT is the gas temperature and n, is the electron number density. This definition is widely
adopted in X-ray studies of clusters, and the standard thermodynamic definition of entropy can be

obtained from it by applying a logarithm and adding a constant (Voit 2005).

Figure 1.9 shows in the left panel the entropy distribution for a sample of groups and clusters stud-
ied by Cavagnolo et al. (2009). Each cluster is colour coded according to its temperature. The
continuous line represents the expected power law with a slope of 1.1. It can be clearly seen that
at large radii the entropy distributions have a similar power law, while a large variations in entropy
shapes can be seen at smaller radii. Cavagnolo et al. (2009) fitted a power law plus a constant
model to each profile and for radii larger than 0.1R(g all profiles are well approximated by power
laws with index values between 1.1 and 1.2. This shows that at large radii clusters and groups are

self-similar. In their study they also investigated the correlation between entropy at 0.1Rsyy and
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Figure 1.9: Left: Entropy profiles for a sample of groups and clusters from Cavagnolo et al. (2009).
Right: Relation between entropy at 0.1R»p and temperature for a sample of groups and clusters.
The solid line represents a power law with a slope equal to 1, which is the expected self-similar

relation. Figure from Ponman et al. (2003)

the system’s temperature and their result is presented in the right panel of Figure 1.9. It shows that
groups have an excess entropy with respect to that expected from the self-similar model and the
amount of this entropy excess is decreasing with temperature. This extra entropy which is higher in
groups than clusters is responsible for the departures of groups from the scaling relations. There-
fore groups are ideal systems to investigate the processes responsible for this observed deviation
by studying their entropy distribution. Whichever mechanism is responsible for this, its effect will

be on the central entropy.
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1.5 Cool cores and non cool cores in groups and clusters

The hot ionized gas in clusters of galaxies, also known as intra-cluster medium (ICM), loses its
thermal energy through X-ray radiation. The time scale on which an isothermal parcel of gas with
uniform density can radiate away its thermal energy is inversely proportional to its density. As
a result, cooling times at the centre of the clusters, where the density is high, are shorter than in
the outer regions. Observations of low redshift clusters show that clusters with central cooling
time shorter than their age are common in the local Universe, and they represent ~ 50% — 90%
of the population (Peres et al. 1998; Sanderson et al. 2006; Chen et al. 2007; Hudson et al. 2010;
Santos et al. 2010). In the light of this, clusters have been divided into two classes: cool core (CC)
systems, which have a short central cooling time, a cuspy central surface brightness and usually
manifest a drop in their central temperature, and non cool core (NCC) clusters, with the opposite

properties.

Evidence for the existence of two distinct cluster populations came from the observation of bi-
modality in the distribution of the cooling time (Cavagnolo et al. 2009) or the closely related gas
entropy (Cavagnolo et al. 2009; Sanderson et al. 2009; Mahdavi et al. 2013) in the central regions
of clusters. On the other hand, other studies have found no clear evidence for bimodality in cluster
properties, and some authors, e.g. Santos et al. (2008), have split core properties into three classes,
with an intermediate weak cool core (WCC) class between strong cool cores (SCC) and NCC clus-
ters. Whether the observed distribution is representative for the cluster population depends on the
sample used for the study. Biases in sample selection can affect the observed distribution and lead
to misinterpretation of the results. For example, the study of Cavagnolo et al. (2009), which is
based on an X-ray selected archival sample, might have a bias against WCC clusters if observa-
tions of strong CCs and/or disturbed clusters (i. e. generally NCCs) are preferred over the regular,

WCC clusters.
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Different models have been put forward to explain the observed distribution in core properties in
terms of the dynamical and/or thermal history of clusters. In the model of Burns et al. (2008),
cluster merging is the mechanism which creates NCC clusters by destroying the cooling core in
CC clusters. The natural state of a cluster is the CC one since most clusters have central cool-
ing times which are less than their age. This model agrees with the high fraction of CC at low
redshift and the observed bimodality in the central cooling state. The simulations of Burns et al.
(2008) predict no evolution in the CC fraction up to a redshift of 1. Moreover they show that the
probability of mergers increases with the system mass and therefore CC are more common in low
mass systems. It is not yet clear whether this prediction is borne out observationally due to the
substantial variation in CC fraction found by different methods used for CC/NCC classification,
and the lack of statistically selected samples of galaxy groups. However, there is observational
evidence in favour of this merger-driven model from the fact that most cool core clusters have a
regular surface brightness, whilst many NCC clusters are disturbed (O’Hara et al. 2006; Maughan
et al. 2012). Also, Rossetti & Molendi (2010) showed that none of the clusters classified as cool
cores in their sample have detected radio relics, which are a sign of mergers. On the other hand,
some simulations (Poole et al. 2006) suggest that CCs cannot be destroyed by mergers. If the main
effect of mergers is to redistribute the core gas, rather than to raise its entropy, then the core is

reassembled quite rapidly, and even the most massive mergers would only temporarily disrupt it.

Another class of models assumes that the observed thermal state of the cluster core was established
early, as a result of the entropy level established in the intergalactic gas before cluster formation
(McCarthy et al. 2004). NCC clusters will then be those for which the entropy of the intergalactic
gas has been raised to a sufficiently high value that the cluster has not had enough time to radiate
away its thermal energy and develop a cool core. Conversely, CC clusters experienced a lower

level of entropy injection.

Irrespective of the mechanism which generates the distribution of core properties, there is an ob-
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served tendency for cool core clusters to host a central active galactic nucleus (AGN)(Dong et al.
2010). Moreover, it has been shown that there is a correlation between the strength of the cool core
and the radio power of the central AGN (Mittal et al. 2009). The coexistence of an AGN and CC
plays an important role in the thermal evolution of ICM. AGN, through their feedback, are thought
to represent the main heating source for the ICM, whilst the cool gas in the cluster core consti-
tutes the reservoir for black hole accretion (Croston et al. 2005; Rafferty et al. 2006; McNamara &

Nulsen 2007, 2012; Ma et al. 2013; Russell et al. 2013).

One way in which AGN interact with the ICM is through relatvistic plasma jets, which can push
aside the ICM, creating lower density regions detectable in X-ray images of clusters as ‘cavities’
with reduced surface brightness. Cavities have been detecetd in clusters at low (Boehringer et al.
1993; Fabian et al. 2000; McNamara et al. 2000; Blanton et al. 2011; Gitti et al. 2011) and high
redshift (Hlavacek-Larrondo et al. 2012), while evidence for cavities in groups is currently limited
to low redshift systems (Morita et al. 2006; Gastaldello et al. 2009; Randall et al. 2009; Gitti et al.
2010; O’Sullivan et al. 2011a) due to to groups’ lower surface brightness compared to clusters.
Based on the volume and pressure of these cavities, the energy input from the AGN can be esti-
mated. Studies of cavities in clusters have shown that AGN can typically provide the necessary
power to balance the energy lost through cooling in clusters (Birzan et al. 2004; Rafferty et al.
2006), whilst in galaxy groups their impact is even more significant, and they may be able to

provide more energy than is lost through cooling (O’Sullivan et al. 2011b).

These results demonstrate that the contribution of AGN to the thermal state of the ICM cannot
be ignored, and McCarthy et al. (2008) introduced a model which combines pre-heating at high
redshifts and AGN feedback to explain the existence of CC and NCC systems. More recently, Voit
and collaborators (Voit 2011; Voit et al. 2014) have explored the relationship between cooling,
thermal conduction, thermal instability and AGN feedback within cluster cores. They find that

many properties of the gas in cluster cores can be explained in terms of the balance between these
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processes.

Studies of the evolution of cool cores face two major problems: the construction of an unbiased
sample with the necessary statistics at high redshift to be able to draw any conclusion about any
evolutionary trends, and the definition of a parameter that can separate a CC cluster from a NCC

one for a variety of systems at different redshifts and for data with different quality.

One parameter frequently used to characterize the thermal state of a cluster core is the central
cooling time (Edge et al. 1992; Peres et al. 1998; Bauer et al. 2005; Mittal et al. 2009), which
is directly related to the physical definition of a cool core as one in which cooling is significant.
Central entropy, which is closely related to cooling time, is another physical parameter used to
characterize CCs (Cavagnolo et al. 2009). Other cool core estimators have been defined based on
the observed X-ray properties associated with CC clusters, such as the central temperature drop
(Maughan et al. 2012) and central surface brightness excess (Vikhlinin et al. 2007; Santos et al.

2008; Maughan et al. 2012).

How well do these various parameters perform in separating CC and NCC systems? Hudson et al.
(2010) applied 16 cool core estimators to the HIFLUGCS (HIghest X-ray FLUx Galaxy Cluster
Sample) sample of low redshift clusters and found that cooling time and entropy are the quantities

which show the most pronounced bimodality in their distribution.

Studies of the evolution of cool cores, using X-ray selected samples, have shown that CC are
common at low redshift (Peres et al. 1998). Bauer et al. (2005) showed that their fraction in X-ray
luminous clusters does not change strongly up to a redshift of 0.4 when the central cooling time
is used as a CC estimator. The investigation of how this fraction changes with redshift has been
extended beyond redshift 0.5, mainly by studies which use CC estimators based on the surface
brightness excess (Vikhlinin et al. 2007; Santos et al. 2008; Maughan et al. 2012). These studies

found that the fraction of cool core clusters drops significantly, resulting in a lack of strong cool
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cores at high redshift. In contrast, the study of Alshino et al. (2010), which used a CC estimator
based on central surface brightness excess to examine a sample of groups and clusters from the
XMM -LSS survey, confirmed the lack of strong CCs in clusters at high redshift, but reported an
increase in the strength of cool cores in cooler groups. Further evidence on the evolution of core
properties comes from optical studies, since CC clusters have associated Hy (Bauer et al. 2005)
and other optical line emission. Samuele et al. (2011) studied a sample of 77 clusters up to a

redshift of 0.7 and found a lack of cool core clusters at redshifts greater than 0.5.

Recent results (Semler et al. 2012; McDonald et al. 2013) based on samples of clusters selected by
the Sunyaev-Zeldovich (SZ) effect, with Chandra follow-up, demonstrate that CC clusters do exist
at redshifts greater than 0.5. Moreover, McDonald et al. (2013) found that there is no evolution in
central cooling time out to redshifts ~ 1. There are also studies on individual clusters, although
not very numerous, which show that there are strong cool cores at high redshift. The WARPS
cluster studied by Santos et al. (2012) is a CC cluster at redshift 1.03. Another interesting system
is 3C188, studied by Siemiginowska et al. (2010), which is a strong CC system at z=1.03 with
a powerful radio AGN at its centre. Signs of cooling at the centre of the cluster surrounding the
z = 1.04 powerful quasar PKS1229-021 have also been reported by Russell et al. (2012). While
most of these evolutionary studies have concentrated on rich clusters, and show a reduction in the
incidence of strong CCs at high redshift, the one study (Alshino et al. 2010) which covers groups,
finds a conflicting trend in less massive systems, whereby the CC strength tends to increase at high

redshift.

1.6 Feedback

The observed departure from self-similarity in the L-T relation, together with the overcooling prob-

lem represent strong evidence that gravitation alone cannot be the mechanism responsible for the
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observed X-ray properties of systems spreading over a wide range of masses. Therefore, non-
gravitational processes are needed in order to explain the variations in the global and structural
X-ray properties and the deviations from expected scaling relations. Amongst mechanisms pro-
posed for raising the entropy of the ICM to the observed levels are heating by AGN feedback or
supernovae, cooling through X-ray emission and gas expulsion. This heating may occur at high
redshifts (preheating), before the cluster has collapsed and formed, or after cluster formation. Ob-
servations show clear evidence for the presence of cooling and AGN feedback, in the form of large
cool core clusters and large cavities in the cluster X-ray emission due to the interaction of AGN
radio jets. Expulsion of low entropy gas from the system can also happen at high redshifts or after
cluster formation. In order to separate the dominant source responsible for the heating, constrain
the time when this source has the largest impact on the ICM and the mechanism by which it injects
the energy, one can study the energy budget of the ICM. The excess heating required to reach the
observed entropy floor for groups of 100 keV cm? is of about 1-3 keV per gas particle (Babul et al.

2002; Borgani et al. 2002; Brighenti & Mathews 2001).

Radiative cooling has been proposed as a mechanism for increasing the central entropy in groups
and clusters (Voit & Ponman 2003; Bryan 2000) by removing the low entropy gas at the centre
of these systems. Clusters cores have the highest gas density and therefore shorter cooling time
when compared to the outer regions. If cooling time is shorter than Hubble time, the gas radiates
away its thermal energy and drops out of the X-ray emitting phase. This gas lost from the ICM
is replaced by the higher entropy gas from outer radii, and therefore raising the central entropy
of the ICM. An increase in the central entropy to a level that marginally matches the observed
entropy floor has been found in simulations that add cooling to gravitational only models (Xue &
Wu 2003). Although cooling can increase the central entropy, it requires a too large amount of gas
to cool in order to raise the entropy of poor systems to the level needed to obtain an agreement with

the observed L-T relation. Therefore cooling alone is not able to solve the overcooling problem
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(McCarthy et al. 2004; Xue & Wu 2003). Another problem with cooling is that the structural
properties predicted by this model are not able to match the wide range of properties observed in
groups and clusters. For example, temperature profiles from pure cooling models do not show the
observed drop beyond 0.1R»( (see Section 1.4), but rather have a constant temperature (McCarthy
et al. 2004). In the inner region, all profiles from this model show a steep drop towards the centre
and they lack the large variations in the distribution of the slope of the central profiles seen in
observed clusters. Therefore cooling only models cannot explain the existence of clusters with
flat central temperature profiles corresponding to the observed non cool core clusters (Bower et al.

2001).

Another mechanism by which the entropy of groups and clusters is increased, is heating by AGN
and/or supernovae. In the preheating model (McCarthy et al. 2004), the heating of the gas which
will form the core of a cluster occurs at high redshifts, before cluster formation. During the sub-
sequent growth of the system by gas accretion, the only process which can increase the entropy of
the newly accreted gas is shock heating. Since the strength of shock heating increases with cluster
mass, early in a clusters’ history, the entropy excess of the accreted gas above the preheating level
is small and increases progressively as cluster evolves. Therefore, the entropy profile of clusters
predicted by the preheating model should have a large isentropic core and a power law behaviour
outside the core region. The size of this isentropic core is expected to be larger for groups and
decrease with system’s mass. Also, groups are expected to have a higher entropy core because the
same energy input will increase more the entropy of lower density gas than higher density one.
This excess entropy of groups compared to clusters predicted by the model is consistent with ob-
servations and represents the cause of deviations from L-T relations. Depending on the level of
the entropy injection and the redshift at which this entropy has been injected, preheating is able to
offset cooling (Oh & Benson 2003) by increasing the central cooling time. Simulations which in-

clude preheating shows that an agreement with the observed L-T relation over a large temperature
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range can be obtained by tuning the level of the entropy injection (Babul et al. 2002). Although a
good match with observed L-T relation can be obtained, the level of the entropy injection required
to obtain this agreement is about 330 keV cm?, which is higher than that observed at the centre of
the groups which corresponds to 100-150 keV cm?. Another disagreement between observations
and the model is the presence of groups with no evidence for a large isentropic core as predicted

by the model (Ponman et al. 2003; Pratt & Arnaud 2003).

On the other hand, the highest advantage of the preheating models is that the energy input required
to increase the entropy of the gas by a given amount before cluster formation, when its density is
lower, is less than the one required after cluster formation (McCarthy et al. 2008). Therefore, no
matter which sources are responsible for preheating the gas, they are energetically more efficient
at a redshift between 2 and 3, before cluster formation (Oh & Benson 2003; Ponman et al. 1999).
For example, heating by supernovae, which has been showed to have little impact on the central
entropy of groups at low redshifts, can bring the entropy level to the one observed in groups if the

SN feedback happens at a redshift of 2 (Ponman et al. 1999).

SN feedback has been introduced as a possible mechanism for heating the gas through galactic
winds resulted from supernovae explosions (Menci & Cavaliere 2000; Bower et al. 2001). The
effect of SN feedback on the ICM is not only to increase its entropy through heating but also to raise
its metallicity by introducing heavy elements produced by the stars. Therefore, observations of the
clusters’ metal content can be used to derive the total energy released by supernovae Rasmussen &
Ponman (2009). Observational results, together with numerical and hydrodynamical simulations
showed that the amount of heating introduced by SN feedback is almost negligible in clusters and
is below the level of 1 keV per particle required to match the L-T relation for groups. Even if an
efficiency of energy transfer from SN to the ICM of 100% is assumed, SN heating alone cannot
account for the observed L-T relation or even prevent overcooling (Borgani et al. 2002; McCarthy

etal. 2011).
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AGN feedback is another mechanism responsible for increasing the central entropy of the ICM
through heating or gas expulsion. As it has already been mentioned, this entropy increase can take
place at high redshift or at lower redshifts, after cluster formation. Depending on the accretion rate
of the central black hole, there are two models of AGN feedback: the quasar mode (Springel et al.
2005; Scannapieco & Oh 2004), which corresponds to high accretion rates and the radio mode
(Croston et al. 2005), corresponding to lower accretion rates. AGN can heat the ICM through

outflows.

Observational evidence for AGN heating in clusters through mechanical feedback from the radio
jets generated by the AGN is represented by the large X-ray cavities that can be seen in the surface
brightness of several clusters. These cavities can be used to estimate the energy introduced by the
AGN based on the work required to inflate them and their internal energy. It has been showed
based on observations that the amount of heating introduced by radio AGNss is sufficient to offset
cooling over a wide range of mass scales (McNamara & Nulsen 2007; Wang et al. 2010; Rafferty
et al. 2006). Moreover, several studies of the correlation between the cavity power and the energy
loss due to radiative cooling for groups and clusters showed that while the energy from the AGNs
is enough to balance cooling in massive clusters it exceeds that required for groups (O’Sullivan
et al. 2011a). This suggests that AGN feedback is not only the necessary mechanism to avoid
overcooling but it might provide the excess entropy in groups required to explain deviations from
self-similarity. Evidence for temperature increase in groups by AGN feedback has been presented
by Croston et al. (2005) who showed that radio-loud groups are hotter than radio quiet ones of
similar X-ray luminosity. Regarding the energetics required to explain X-ray group properties,
they showed that an average radio source would have the necessary energy input to offset cooling.
A similar result has been found by Jetha et al. (2007) who showed that a less luminous AGN could

provide sufficient energy to counteract radiative cooling and raise the entropy of the group.

In addition to the AGN feedback models, in which the entropy of the gas is raised by heating the
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ICM gas, there are models in which AGNs can increase the entropy by ejecting the low entropy
gas from collapsed groups (Bower et al. 2008) or from the high redshift progenitors of groups

(McCarthy et al. 2011).

The conclusion that can be drawn from the literature results presented so far is that in order to
be able to explain the observed entropy levels in groups as well as clusters and at the same time
avoid overcooling, a non-gravitational mechanism more complex than simple radiative cooling or
feedback from SN or AGNs is required in addition to the gravitational only process. Observations
show that at various levels, each of these mechanisms are present during the evolution of groups
and clusters. Therefore, a model which includes contribution from each of these processes is
required to match observed properties of these systems. Two main questions that this model would
have to address are: which of these non-gravitational processes is the dominant one? and when

during the cluster formation is the dominant process acting?

Hydrodynamical simulations which include cooling and SN feedback can bring the L-T relation
for groups into the right direction, but are not able to raise the central entropy to a high enough
level to avoid overcooling (Borgani et al. 2002). The addition of AGN feedback has been showed
to be able to match the L-T relation, avoid overcooling and predict temperature and entropy profiles

similar to the observed ones.

Numerical simulations which include AGN and SN feedback are able to reproduce the observed
entropy profile and the L-T relation but only for NCC. Only with the addition of radiative cooling
entropy and temperature profiles similar to those observed for CC clusters can be predicted and

overcooling avoided (Short et al. 2012).

Simulations which include cooling and some level of entropy injection, before or after the cluster
formation can explain better the observed properties. Using a model which includes cooling and

various levels of preheating, McCarthy et al. (2004) showed that depending on the level of preheat-



1.6 Feedback 45

ing, a good agreement with the observed L-T relation can be obtained. Moreover, this model can
predict structural properties similar to observations. Cool core clusters are those with a lower level
of preheating which had enough time to radiate a significant fraction of their thermal energy, while
non cool core clusters had a higher level of preheating. With this preheating model, depending on
the amount of the entropy injection, systems with different central states ranging from strong cool

cores to non cool cores can be obtained.

1.6.1 Methods for detecting groups and clusters of galaxies

Historically, the definition and name of clusters of galaxies is based on the optical observations
that galaxies are not distributed uniformly on the sky but rather in clusters. They have been discov-
ered in optical images as galaxy overdensities, hence their name. Together with their lower mass
equivalent (i.e. groups), clusters were well known systems by the time X-ray emission from them
was discovered. X-ray observations of clusters and groups revealed the presence of another bary-
onic component besides galaxies, which is represented by the hot gas surrounding these galaxies.
This hot gas which represents the intracluster medium (ICM) dominates the total baryonic mass
and constitute 15% of the total mass of the cluster, while galaxies represents only 5%. The domi-
nant component, with a mass contribution of 80% is represented by dark matter. The detection of
clusters takes great advantage of their multi-component structure. Depending on the wavelength
at which they are observed, different source searching algorithm can be design to detect one of the
components or signs of its presence by the impact on other components. For example, in optical
surveys clusters are detected as overdensity of galaxies or by looking at the properties of galaxies.
In X-rays, emission from the cluster can be detected from their ICM. The presence of clusters can
be detected in microwave, where the presence of the hot ICM distorts the CMB radiation. In the

following I am going to present several methods used to detect clusters in various wavelength.



46 Chapter 1 Introduction

e Optical/IR methods

The search for galaxy overdensity is the first method used to detect clusters in optical ob-
servations. Various methods have been designed to look for enhancement of galaxy surface
density. The counts in cell method (Couch et al. 1991; Lidman & Peterson 1996), friends-
of-friends method (Huchra & Geller 1982; Geller & Huchra 1983) and percolation method
(Davis et al. 1985; Efstathiou et al. 1988; Dalton et al. 1997; Ramella et al. 2002) are the

most used techniques.

Other optical methods for cluster search are those which are based on the observed properties
of member galaxies in a cluster. For example, one of the widely used method, the red
sequence method (Gladders & Yee 2000), is based on the observed property that compared
to field galaxies, early-type galaxies in a cluster have a strict relation between their colour
and magnitude. A significant number of clusters (429 cluster candidates) has been detected
over an area of about 100 deg? using the red sequence method as part of the Red-sequence
Cluster Survey (RCS1; Gladders et al. 2007). In addition to this, the RCS2 survey is an
on-going survey using the same detection method as RCS1 over an area of about 10 times

larger and predicts the detection of ~ 30000 clusters (Gilbank et al. 2011).
e X-ray methods

In addition to optical methods for cluster detection, X-ray astronomy offers an extensively
used method for direct detection of these systems. In X-ray images, although cluster’s indi-
vidual galaxies can not be detected, its presence can be unambiguously inferred by the detec-
tion of X-ray emission from its ICM. In these images, clusters appear as spatially extended
sources, a property which represents the basis of all X-ray source detection techniques. A

more in depth look at various X-ray surveys and their results will be presented in section 1.7.

e Sunyaev-Zeldovich (SZ) effect method
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Figure 1.10: Multiwavelength observations of the Abell 370 cluster. In the top panel, which rep-
resent an optical image of the cluster, the cluster can be identified by the high concentration of
galaxies. Figure credit: NASA, ESA, the Hubble SM4 ERO Team and ST-ECF; The bottom left
panel represent X-ray emission from the gas between galaxies (Chandra image; observation ID:
515; PI: Gordon Garmire). Bottom right panel represent a SZ map of the cluster (Grego et al.

2001).
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If optical and X-ray methods are methods for direct detection of clusters, SZ and gravita-
tional lensing are indirect methods for cluster detection, based on the observed effect the
cluster has on other astrophysical sources. In the case of SZ effect, the presence of a cluster
can be inferred from the effect of its ICM on the CMB. The energy of photons from the
ICM is changed when they interact with the ICM and the effect is an observed shift in the
spectrum of the CMB. A large survey designed to search for clusters using the SZ method
is has been performed with the South Pole Telescope (SPT). The SPT-SZ survey (Carlstrom
et al. 2011; Reichardt et al. 2013; Bleem et al. 2015) covers a large area of 2500 deg2 and
contains a number of 677 cluster candidates. The Atacama Cosmology Telescope (ACT)
is another major SZ survey which covers an area of 504 deg” and contains a number of 68
galaxy clusters Hasselfield et al. (2013). The largest catalogue of SZ selected clusters comes
from the all-sky observations performed with Planck satellite. The catalogue contains about

1000 SZ sources out of which 861 are confirmed clusters Planck Collaboration et al. (2014).

e QGravitational lensing methods

The presence of clusters of galaxies can also be inferred indirectly based on a phenomenon
known as gravitational lensing. Gravitational lensing appears when the path of light from a
distant object like a galaxy is deflected by encountered massive objects. As a result, multiple
images of the object can be seen and the shape of the source is distorted and sometimes
magnified. The amount of the distortion depends on the properties of the object which acts
like a lens like its mass, its distance to the source and the distribution of mass. Clusters of
galaxies, which are the most massive objects in the Universe, behave like lenses. Therefore,
gravitational lensing can be used to detect them by mapping their density distribution which
is dominated by dark matter. Various surveys have been dedicated to the search of clusters
using gravitational lensing (Wittman et al. 2002, 2006; Shan et al. 2012). Compared to X-ray

surveys, the search for clusters using gravitational lensing benefits from the very wide area
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coverage which can be achieved with very large, ground-based multi-colour optical surveys
(e.g. Deep Lens Survey (Wittman et al. 2002); Subaru Weak Lensing Survey (Miyazaki et al.
2007)).

1.7 X-ray surveys of groups and clusters of galaxies

Clusters of galaxies represent the target population for a significant number of past (Voges 1993;
Vikhlinin et al. 1998; Gioia et al. 1990a; Romer et al. 2000; Perlman et al. 2002; Pierre et al. 2004;
Burenin et al. 2007; Horner et al. 2008), on-going (Pierre et al. 2011) and future (Merloni et al.
2012) X-ray surveys whose aim is to assemble large samples that can be used for cosmological and
evolutionary studies. The search for clusters is motivated by the fact that these massive systems are
tracing the dark matter potential and therefore the study of their surface number density and two
point correlation function can put independent constraints on the cosmological parameters. More-
over, this search is eased by the fact that clusters are amongst the most luminous X-ray sources
on the sky and therefore they could be detected up to high redshifts. The evolution of clusters’ lu-
minosity over cosmic times is another issue addressed with large and deep samples obtained from
X-ray surveys. Also, determination of reliable scaling relations that can relate clusters observed

X-ray properties with their mass, require a large sample of clusters.

Compared to clusters, groups of galaxies represented a less studied class of systems. This is
because their lower gas density and therefore luminosity makes groups detection more difficult
even at intermediate redshifts. The existence of Chandra and the X-ray Multi-Mirror (XMM)
allowed a better study of these poor systems due to their higher resolution and sensitivity compared
to older missions like the Roentgen SATellite (ROSAT) . Since the launch of Chandra and XMM,
much higher importance has been given to selecting samples of groups. This is also partly because

these low mass systems are the ideal place to study the effects of non-gravitational feedback which
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has a higher impact on systems with shallower potential well.

Ideally, for all studies involving groups and clusters would be the construction of a uniform sample
from a deep survey covering a large area. This would provide a large sample, covering a wide
range in redshifts, that can be used for evolutionary studies of X-ray properties. The assemble of
such a sample would require the use of a telescope with a high resolution, sensitivity and large

field of view.

Since there are no current missions satisfying all three characteristics at once, the design of each
survey is optimised depending on the science questions it addresses and the capabilities of the
telescope used for cluster detection. Cosmological studies and studies of large scale structures
require a volume limited sample, while for evolutionary studies of X-ray properties a large and
deep sample is crucial. Therefore different type of survey exists which vary according to their
survey strategy: surveys which cover large contiguous areas with almost uniform exposure and
deep, pencil beam surveys. In addition to these, an important class of surveys is represented by
serendipitous surveys, which use archival data. Archival surveys, although they are heterogeneous,
can cover large areas if the survey includes a significant fraction of the observations available in a
telescope’s archive and therefore can lead to the ensemble of large samples of clusters. Table 1.1
and Figure 1.11 shows a comparison between some of the most important surveys conducted with
Einstein Observatory, ROSAT, XMM and Chandra. In the Figure, depending on the telescope used
for the survey, the symbols are plotted in green (ROSAT), blue (XMM) and purple (Chandra). In

addition, open symbols containing a filled circle represent contiguous surveys.

We can see in the Figure and Table that in general ROSAT surveys cover the largest areas, but they
have the lowest sensitivity compared to XMM and Chandra surveys. This can be explained by
the fact that ROSAT has a larger fields of view compared to XMM and Chandra, but has a much

lower effective area. One XMM survey, which is comparable to ROSAT surveys in respect to the
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area covered, but with a much higher sensitivity, is XCS (Romer et al. 2001; Sahlén et al. 2009;
Lloyd-Davies et al. 2011; Mehrtens et al. 2012). This archival survey provides the largest number
of optically confirmed clusters compared to other Chandra and XMM surveys. Chandra, which
has the smallest fields of view is used for very deep surveys, which cover a very limited area, but
reaches the lowest flux limits compared to all other surveys. Since Chandra has the best spatial
resolution compared to all above mentioned telescopes, it is mostly used for surveys in which the
target population is represented by point-like sources such as Active Galactic Nuclei (AGNs). The

aim of these surveys is to detect these systems up to highest redshifts possible.

In the following we give a short description of few of the most important X-ray surveys existing in

the literature.

e Extended Medium-Sensitivity Survey (EMSS) (Gioia et al. 1990a,b) is a serendipitous search
for clusters of galaxies over a 778 deg? area. From a catalogue of 835 sources, 91% are clas-
sified based on optical information. The catalogue suffers from a significant contamination
by AGNs (52%), while the contamination from other sources is: 29% from stars, 2% from

individual galaxies and 4% from BL Lac objects.

e ROSAT All Sky Survey (RASS) (Voges et al. 1999) is the only full sky X-ray survey performed
at exposures which vary between 0.4 and 40 ks. A catalogue of all bright X-ray sources
detected in RASS, the ROSAT All-Sky Survey Bright Source catalogue (RASS-BSC), was
presented in Voges et al. (1999) and consists of X-ray sources detected above a flux limit of
5x 10~ Berg s! cm™2. From the very large number of bright sources detected (18811) only

1.2% had been classified as extended.

e ROSAT -ESO Flux Limited X-ray Galaxy Cluster Survey (REFLEX I; Bohringer et al.
(2001)) and REFLEX II; Bohringer et al. (2014b)) is a search for clusters over ~ 35% of

the sky area which had been covered by ROSAT as part of the RASS. The sample con-
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Figure 1.11: Different X-ray surveys performed with ROSAT (red), XMM (green) and Chandra

(blue). Filled circle symbols represents serendipitous surveys, while filled plus empty symbols

represent contiguous surveys. Figure adapted from Merloni et al. (2012)
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structed from the survey is a flux limited sample aimed for cosmological studies. The first
REFLEX catalogue of clusters (Bohringer et al. 2001) comprises 452 clusters with a flux

I'em~2. This flux limit of the survey has been increased by RE-

limit of 3 x 10~ "%erg s~
FLEX II survey, which covers the same area, but with deeper exposure. For the new flux
limit of 1.8 % 10_lzerg s™1 em™2, 915 (861 with more than 20 counts) clusters has been
selected out of 4460 extragalactic sources detected. The sample of confirmed clusters from

REFLEX II is a low redshift sample, with a median redshift of 0.102 and a maximum redshift

of 0.5.

e Rosat Deep Cluster Survey (RDCS) (Rosati et al. 2000, 1995) is a serendipitous ROSAT
survey over an area of 50 deg®. The catalogue is constructed based on a wavelet-based
detection technique and it contains 160 cluster candidates, detected above a flux limit of

1

~ 10~ %erg s~! em™2. A significant fraction of these (115) are optically confirmed clusters

whose redshift distribution peaks at a redshift of 0.1 and has a maximum value of 1.2.

e Wide Angle ROSAT Pointed Survey (WARPS) (Scharf et al. 1997; Perlman et al. 2002) is a
ROSAT serendipitous survey to detect all significant X-ray sources using a Voronoi tessella-
tion and percolation technique. It covers an area of 70.9 deg? and the catalogue contains 159

I em~2. The survey has been constructed in two

clusters above a flux of 6.5 x 10~ !4erg s~
stages: WARPS I (Perlman et al. 2002), which covers an area of 14.1 deg?, and WARPS II
(Horner et al. 2008) which covers 56.7 deg? and is an extension of WARPS I obtained by the
addition of 215 ROSAT observations. WARPS-I detects 39 cluster candidates out of which
34 are confirmed clusters with redshifts between 0.06 and 0.75, while WARPS II catalogue

contains 125 clusters detected in the redshift range of 0.029 and 0.92 with median if 0.29.

e 160 Square Degree (160d) (Vikhlinin et al. 1998) is a flux-limited survey aimed at detecting

clusters serendipitously in the ROSAT archival data. An area of 158 deg? had been searched
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for X-ray sources with an wavelet-based algorithm. From all detected sources, cluster can-
didates are selected based on a maximum-likelihood fitting of beta models. In this method,
a beta model and then a delta function is fitted to the data. Depending on the quality of each
fit, a source is classified as extended or point-like. Only sources detected at high significance
and with a significant extend are catalogued as potential clusters. This strict selection criteria
assures a low contamination by point sources, and as a result, 91% (203 out of 223) of their
extended sources are confirmed clusters. Their redshift distribution spreads from 0.015 to

0.73.

e 400 Square Degree Survey (400d) (Burenin et al. 2007) is an extension of the 160d. It

detects 287 clusters candidates over an area of 397 degz, with a minimum flux of 1.4 x

1

10~ Berg s~ cm™2. Out of these, 93% (266) are optically confirmed clusters, groups or

individual galaxies. The median redshift of their detected sources is 0.2

e The XMM -Newton Distant Cluster Project (XDCP) (Fassbender et al. 2011) is a search for

serendipitous high redshift clusters in XMM archival data. Is a non-contiguous survey cover-
ing an area of 76.1 deg® with a minimum exposure time of 10 ks. The aim of the survey is to
detect high redshift clusters of galaxies, beyond redshift 0.8, which can be used to study the
evolution of these massive systems. Their scientific objective is to investigate the evolution
of scaling relations, of X-ray gas properties and that of the luminosity function. They have
divided their survey area in three different parts or levels used to construct samples with dif-
ferent statistical properties. The first level is the full survey, from which they detected 990
cluster candidates. The high redshift sample of optically confirmed clusters obtained from
the whole survey contains 22 systems with redshift greater than 0.9. Maximum sensitivity

obtained with this data is ~ 10~ Perg s™' cm™2.

The second level, which occupies 49.4 deg? includes only the inner 12" of the detector and
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allowed them to detect 752 cluster candidates. The last level covers the best 17.7 deg? of
the data and allowed the detection of 310 cluster candidates. The data constructed from
this subset has a well defined selection function, which is a requirement for cosmological

applications.

e XMM Cluster Survey (XCS) (Romer et al. 2001; Sahlén et al. 2009; Lloyd-Davies et al. 2011;
Mehrtens et al. 2012) is the largest serendipitous survey based on XMM archival observa-
tions. The aim of the survey is to measure cosmological parameters and trace the evolution
of scaling relations. It covers an area of 410 deg?. The search for clusters has been done
with a wavelet-based algorithm and lead to the detection of 3675 cluster candidates with
more than 50 counts. The result of optical follow-up (Mehrtens et al. 2012) is the catalogue
of 503 optically confirmed, serendipitous groups and clusters. This is one of the larges X-ray
selected sample compared to other X-ray surveys. The sample redshift distribution ranges
from 0.06 to 1.46, with a peak at redshift of about 0.3. The sample is dominated by systems

in the groups temperature regime of about 2 keV.

e XMM Large Scale Structure Survey (XMM -LSS) (Pierre et al. 2004; Pacaud et al. 2006;
Pierre et al. 2007; Pacaud et al. 2007; Pierre et al. 2011; Chiappetti et al. 2013)isa 11.1 degz,
medium depth, wide-area survey performed by XMM . It has an almost uniform exposure of
10 ks. The sample constructed from the survey has been divided into two classes based on the
likelihood of source detection and that of source extension. The C1 class, with strict criteria
for extension and detection, is uncontaminated by misclassified point sources, while C2 class
(the rest), with more relaxed criteria, displays a contamination of 30-50 %. From 5 degz,
Pacaud et al. (2007) found 28 C1 clusters with fluxes between 1 and 50 x 10~ 14erg s lem™2.
Most of their systems have temperatures of about 1.5 keV and are at a redshift of 0.3 (as it
can be seen from Figure 3 in Pacaud et al. 2007). The whole 11 deg? survey contains 50 C1

and 60 C2, with 44 C1 and 27 C2 confirmed from optical spectroscopy (Willis et al. 2013).
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e XXL (Pierre et al. 2011), represent an extension of the of the MM-LSS survey to an area of 50
deg?. Tt is planned to be the largest wide angle XMM survey. It is a medium deep survey,

with almost uniform 10 ks exposure and with a plan to increase the exposure to 40 ks.

e Chandra COSMOS Survey (C-COSMOS) (Puccetti et al. 2009; Elvis et al. 2009) is a Chandra
contiguous X-ray coverage of the central 0.9 deg? of the 2 deg” area covered by the multi-
wavelength Cosmic Evolution Survey. This survey is dedicated to the study of the evolution
of galaxies, AGNs and dark matter. It has been designed to optimize between a large area
and a deep exposures, and as a result of this, is the largest contiguous survey with deep ex-
posures covered by Chandra. A slightly larger area of this field has been covered by XMM,
but at lower exposure. A search for clusters of galaxies has been performed in the XMM
COSMOS field by Finoguenov et al. (2007), who found 72 clusters with fluxes as low as
3 x 10~ Berg s~! cm™2. The Chandra COSMOS field had been received more interest for
the study of the point-like classes of sources, in special the AGN population (Elvis et al.

2012).

e Chandra Deep Field North (CDF-N) (Brandt et al. 2002) is the first deep, pencil beam survey
performed with Chandra . Tt covers a very small area of only 0.11 deg?, but has an almost
uniform exposure of 1 Ms. This deep exposure allows detection of sources with fluxes as

1

low as 3 x 10~ Perg s~! cm™2. Bauer et al. (2002) detects 6 galaxy clusters with redshifts

between 0.2 and 1, using a Voronoi Tesselation detection algorithm.

e Chandra Deep Field South (CDF-S) (Giacconi et al. 2002) and Extended Chandra Deep Field
South (E-CDFS) (Lehmer et al. 2005; Castellano et al. 2011) The first CDFS (Giacconi et al.
2002) is similar as area and depth to CDFN, being an overlap of single ACIS-I observations
with similar pointing adding up to a total depth of 1 Ms. The depth of the survey has been

increased with the addition of another Ms. A further increase in exposure up to 4 Ms and also
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area up to 0.3 deg” makes E-CDFS the deepest survey performed by Chandra . 19 extended
sources had been identified in 1 MS of CDFS with fluxes as low as 9.5 x 10~ 7erg s~! cm 2,

with the addition of 3 more sources from the E-CDFS.

e Chandra survey of Extended Groth Strip (AEGIS-X) (Laird et al. 2009). It is a contigu-
ous, deep survey of the region known as the Extended Groth Strip performed with Chandra
over an area of 0.67 deg”. The aim of the project is to bring complementary information
for the multi-wavelength study of galaxy and large-scale structure formation. The limiting

I'em™2. Although the targeted popula-

flux for point source detection is 5.3 x 10~ erg s~
tion for this survey are AGNs, the area has been also searched for groups and clusters of
galaxies (Jeltema et al. 2009; Erfanianfar et al. 2013). Using combined Chandra and XMM
observations of this field for detection, Erfanianfar et al. (2013) found 52 clusters with red-
shift between 0.07-1.54, with a peak at about 0.7. The flux for observed sources ranges from

1

6x 107 %erg s~ ecm™2 to 4 x 10~ 4erg s~! cm™? (note that the flux from XMM observations

contributes to this estimated flux).

e Chandra Multiwavelength Project (ChaMP) (Kim et al. 2004; Barkhouse et al. 2006) is a
serendipitous survey for X-ray sources in Chandra archival data. It uses ACIS-I and ACIS-S
observations available in the archive to search for sources using a wavelet detection method.
All observations available in the archive are used, except those in the galactic plane, those
contaminated by the target of the observation or if the observation is part of the survey
(e.g. CDFS, CDEFN,ELAIS). Barkhouse et al. (2006) searched for serendipitous extended
sources all 13 deg? covered by ChaMP and detected 55 extended sources out of which 31 are
optically confirmed clusters. The flux limit reached by their survey is ~ 10~ 4erg s~! cm—2.
The peak in their redshift distribution is at 0.41, with highest redshift of 0.8. Their systems

are in the cluster regime, with typical luminosity of 5 x 10%3erg s~!. The ranges of exposures

corresponding to observations within which the extended sources have been detected, is
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from about 4 ks to 120 ks. Most of their sources (~ 85%) are detected in observations with

exposures < 50 ks.

e Boschin (2002) performs a serendipitous search for clusters in Chandra archival observations

with a minimum exposure of 10 ks. The total area covered is of 5.55 deg? with a depth which

varies from 11 to 168 ks. The source detection method is based on the Voronoi Tessellation

and percolation method and the extent of the source is determined based on the comparison

between the size of the source calculated from the source searching algorithm and the size

of the Point Spread Function (PSF), which is assumed to have a Gaussian distribution. 51

sources are detected as extended out of which 15 are single galaxies. The final catalogue

contain 36 cluster candidates. Since they do not have any redshift information about their

sources, their catalogue dos not give any information about the redshift or temperature range

of their sample.

Table 1.1: X-ray surveys

Survey name  Telescope Type Area Flux limit No. sources  Clusters
(deg?) (ergs~! cm™2)
EMSS Einstein Archival 778 5.1x10°14 835 98
RASS ROSAT Contiguous ~ Allsky 5x 10713 225
RDCS ROSAT Archival 50 3.4x 10712 160 115
WARPS ROSAT Archival 70.9 6.5x107 159
160d ROSAT Archival 158 1.6x 10714 223 203
400d ROSAT Archival 397 1.4x1071 287 266
REFLEX ROSAT Contiguous 13924 1.8 x 10712 915
XDCP XMM Archival 76.1 ~ 10714 22
XCS XMM Archival 410 5x 10714 3675 503
XMM -LSS XMM Contiguous 11 ~ 10714 110 71
XXL XMM Contiguous 50
SXDF XMM Contiguous 1.3 2x 1071 92 57
CDF-N Chandra ~ Contiguous  0.11 3% 10716 6
CDF-S Chandra Contiguous  0.109 5.5x 10716 18 —
E-CDFS Chandra Contiguous 0.3
AEGIS-X Chandra ~ Contiguous  0.67 53%x 10717 56 52
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C-COSMOS Chandra Contiguous 0.5
ChaMP Chandra Archival 13 55 31
Boschin Chandra Archival 5.5 36 —

1.8 Thesis overview

Groups and clusters of galaxies represent important astrophysical sources because their study can
help answer a number of scientific questions about the origin and evolution of the Universe, but
also about the origin and properties of other astrophysical sources which leave an imprint on their
observed properties. Clusters, as most massive objects in the Universe, represent ideal objects
that can be used to test cosmological models by studying, for example, their distribution or the

evolution of their number density.

Groups of galaxies on the other hand, have a shallower potential well compared to clusters, a key
property which makes groups the ideal sources for the study of baryonic physics and in special the

non-gravitational processes like cooling, AGN and supernovae feedback.

Given the importance of groups and clusters, many surveys dedicated to the detection of these
sources have been carried out in multiple wavebands such as optical, infrared, X-ray and mi-
crowave. The detection and ensemble of large samples of groups and clusters using X-ray methods
represent a past, current and on-going effort. New instruments with large collecting area and/or
high spatial resolution such as XMM-Newton and Chandra are able to construct samples of groups
and clusters at high redshifts which are ideal for detailed as well as evolutionary studies of these

systems.

The work presented in this thesis is dedicated to the search of high redshift groups and the study of
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the evolution with redshift of their intragroup medium. A survey, named the Chandra Deep Group
Survey, has been dedicated to the search for high redshift groups. These objects are searched in
all observations available in the Chandra data archive. The detection of groups at high redshift
requires deep observations, since groups are low surface brightness systems compared to clusters.
In addition, a detailed study of groups at high redshift requires high spatial resolution, a condition
which can be meet by using Chandra telescope for the survey, a telescope that offers highest

angular resolution achievable at the moment.

Groups are detected as X-ray sources in the images using a Voronoi Tesselation and Percolation
detection method and are discriminated against other X-ray detected sources using their property
to have spatially extended emission. However, since groups are not the only extended sources,
a confirmation of these objects is done only by verifying the presence of galaxies overdensity
using optical observations. For all detected groups with available redshifts, X-ray properties like
temperature, the surface brightness distribution of their intragroup medium, the entropy at the
centre of the cluster as well as the time within which the gas ought to cool due to radiation are

estimated for each system.

A scientific question addressed using a subsample of groups and clusters detected from Chandra
Deep Group Survey is how the thermal state of the gas at the centre of groups and clusters evolve

with redshift and if this evolution is different in groups compared to clusters.

Chapter 2 of this thesis describes the Chandra deep group survey project. The beginning of the
Chapter presents the motivation behind the CDGS and the strategy adopted to select observations
from the Chandra data archive which will be further used to search for groups. The whole process
of group detection and confirmation is presented in detail and a catalogue of group candidates is
included. However, to confirm the nature of these group candidates, spectroscopic information of

galaxy members is required. An description of how this information is obtained from literature and
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how a series of X-ray properties such as temperature and Rsg are estimated is given. Finally, the
CDGS catalogue of confirmed clusters and a discussion of the statistical properties of the survey

in comparison with other surveys of groups and clusters available in the literature is presented.

Chapter 3 represents a study of the evolution of cooling state of the central gas in groups and
clusters using a subsample of 62 systems from CDGS with temperature between 1 and 12 keV
and redshifts that span the range between 0.07 and 1.3. Six different parameters used to estimate
the cool core strength are presented: central gas entropy, central gas cooling time, cooling time
as a fraction of the age of the Universe and three estimators based on the cuspiness of the X-ray
surface brightness profile. One important result obtained is that the observed evolutionary trend
is dependent on the parameter used to characterize the cooling state of the system. However,
irrespective of the CC estimator, the evolution of CCs in groups and clusters show similar trends.
Whether any of the evolutionary trend seen in this study is a characteristic of the population of
groups and clusters or a result of potential biases due to the way in which the sample has been

selected is also investigated in this Chapter.

A brief discussion of the work described in this thesis as well as suggestions for future work are

presented in Chapter 4.
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Chapter 2

Chandra Deep Group Survey

CDGS is an X-ray survey dedicated to finding high redshift groups of galaxies in Chandra archival
observations in order to study the evolution of their X-ray properties and the correlations between
the X-ray and other wavelength properties. The main scientific questions we are trying to address
are the following: how are groups evolving with redshift and are these low mass systems evolving
differently from clusters? To find the answer to these questions we are going to investigate the
evolution of the thermal state, of dynamical properties and the impact of AGN on the evolution of
both groups and clusters. Detection of groups is more challenging compared to clusters, especially

at high redshifts due to their lower surface brightness and smaller angular size.

The observing strategies adopted for our survey are determined by the type of objects we are
studying and the scientific question we are addressing. Therefore, to be able to detect high redshift
groups of galaxies we require deep observations. Moreover, because evolutionary studies require
a large sample (in order to provide the necessary statistics at high redshifts), we are interested for
our survey to cover a sky area as large as possible. On top of this, resolution is another important

aspect which must be considered because it allows resolving core regions up to high redshifts

63



64 Chapter 2 Chandra Deep Group Survey

and also resolve and remove contaminated point sources. To maximize all these requirements we
have chosen to use Chandra telescope for our survey. The telescope offers the highest resolution
possible at the cost of lower effective area and field of view which means less sensitivity and less
sky covered area. The one way in which we can increase our sample is by using an area as large
as possible which can be obtained by using all available deep observations from the archive. This
Chapter contains a description of the CDGS, the sample selection strategy and the methodology

used to derive the X-ray and optical properties for each system in the sample.

2.1 Survey strategy

The approach used to design an X-ray survey is motivated by the scientific questions which are
addressed with the sample constructed from the survey. Several aspects have to be taken into
consideration when planning a survey: What is the best telescope that can be used to construct the
sample?; What is the sensitivity of the survey?; How large has to be the sample?; How deep are
the observations used? All of these have an impact on the statistical properties of selected sample
and have to be taken into account when interpreting the results obtained by using the sample. The
scientific question we wish to address with our sample is the evolution of gas properties within
groups and clusters. In the following three subchapters we will discuss few aspects related to the
strategy adopted for our survey. We will motivate the use of Chandra telescope for our source
detection, the threshold of 100 detected source counts adopted as the lower limit for a source to be

included in our sample and the amount of sky area used to search for groups of galaxies.
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2.1.1 Chandra X-ray observatory

The ideal telescope to use for X-ray groups and clusters surveys would be characterized by a
large collecting area, high spatial resolution and a large field of view. A large collecting area
means more photons can be detected, which leads to the discovery of faint or/and high redshift
sources. The resolution is crucial for deciding if a detected source is a potential cluster, deblending
sources, being able to study the core properties or eliminate point sources. Finally, a large field of
view makes possible the construction of a large sample. Table 2.1 shows a comparison between
the properties of Chandra and two other X-ray telescopes used for clusters surveys: XMM and
ROSAT. The Table shows that all three telescopes complement each other regarding their survey
capabilities. When comparing Chandra and XMM, Chandra offers a high spatial resolution and a
lower collecting area while XMM has a significantly larger collecting area, but a poorer resolution.
The strength of ROSAT 1is a very large field of view, at the cost of much less effective area and
poorer spatial resolution.

Table 2.1: Main characteristics of Chandra, XMM and ROSAT telescope.

Telescope  Mirror PSF FWHM  Effective Area  Energy  Field of view / Instrument

(arcsec) (cm?) at 1keV (keV) (degz)
Chandra 0.2 800 0.1-12  0.08/ ACIS-I
0.12/ ACIS-S
XMM 6 4650 0.15-15  0.23/MOS1
0.23 /MOS2
0.20/PN
ROSAT 35 400 0.1-24  3.14/PSPC

Since spatial resolution is a crucial property required for our survey, we select Chandra as our
detection instrument. Chandra is an X-ray imaging spectrometer that records both spatial and

spectral information for all photons received in the 0.1-12 keV energy band. Chandra observatory
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allows taking observations with high spectral and spatial resolution using different types of detec-
tors situated at the focal plane. It has two ACIS (Advanced CCD Imaging Spectrometer) detectors
that can be used for imaging and spectroscopy: ACIS-I and ACIS-S. ACIS-1is a 2x2 array of CCDs
with a field of view of 17x17 arcminutes, while ACIS-S is a 6x1 array of CCDs with a field of view
of 8x50 arcminutes. Both types of detectors offer almost similar capabilities, with the exception of
two chips on ACIS-S which are back-illuminated (BI) chips. These BI chips have a higher spectral
resolution and larger effective area than front illuminated (FI) ones. During an observation, only
6 chips can be operating simultaneously, including any combination of ACIS-I and ACIS-S chips.
A common configuration used for surveys includes all 4 ACIS-I chips because they have a lower
level of degradation in the PSF size (due to the shorter distance from the aim-point to the edge of
the field) compared to the ACIS-S only configuration. We have chosen only observations taken
with ACIS-I detector for our survey because the geometrical arrangement of its four CCDs allows

a larger covering area if multiple observations with similar pointings are merged together.

Chandra’s collecting area depends on the effective area, while its resolution depends on the mir-
ror’s PSF. The effective area of the telescope is the geometric area of the mirror multiplied by its
reflectivity, vignetting and quantum efficiency (QE). Vignetting represents a gradual decrease in
the number of photons detected from the on-axis position towards the outer regions of the field
of view. Since reflectivity, vignetting and QE depend on photon energy as well as grazing angle,
Chandra’s effective area varies with X-ray energy and the source location in the field of view. For
example, for on-axis position, the effective area is: 110, 600 and 40 cm? corresponding to energies
of 0.5, 1.5 and 8.0 keV respectively. For a single energy (~ 1.5 keV), effective area can vary as
much as 20% from the centre to the edge of the field. The variation of effective area with off-axis
angle, as well as energy, will cause different sensitivities for sources having different energies and
positions in the field of view. Figure 2.1 shows a comparison of the effective area for Chandra (for

both ACIS-I and ACIS-S detectors) and XMM. It can be seen that compared to ACIS-I, XMM has
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Figure 2.1: Comparison between Chandra and XMM effective area. Image adapted from Serlemit-

sos et al. (2007)

an effective area which is more than double at almost all energies. The implications of this differ-
ence is that XMM has a higher sensitivity and therefore allows the detection of fainter sources, like

groups, up to higher redshifts.

For an ideal telescope, with a perfect mirror, the observed flux distribution of a point like object
can be well approximated with a delta function. The telescope’s PSF describes the changes in
the size and shape of the surface brightness distribution of a point source due to broadening effects
introduced by the imperfections in the telscope’s mirror. The shape and size of Chandra PSF varies
significantly with source location in the field of view, as well as with spectral energy distribution
of the source. Figure 2.2 shows simulated images of PSFs for the same source detected at different
off-axis angles. The left panel corresponds to a source with a constant spectral distribution with
energy of 1.49 keV and the right panel to a source with energy of 6.4 keV. One noticeable thing in
both panels is the large increase in the PSF size with increasing off-axis angle. In addition to the

size variations of the PSF, significant changes in its shape can also be observed. While an on-axis
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Figure 2.2: Simulated images for PSFs at different off-axis angles and two different energies.

Figure taken from The Chandra Proposers’ Observatory Guide

PSF has a radially symmetric distribution, imperfections in the mirror generate deviations from
this symmetry for off-axis sources and introduce several features in the shape of the PSF, which

are complicating the modelling of its shape.

If we approximate the size of the PSF with the radius of the circle enclosing 90% of its flux (90%
encircled energy (EE) radius), then direct comparison between PSFs at various off-axis angles can
be made. The relationship between the 50% and 90% EE radius and source off-axis angle for two
different energies is plotted in the left panel of Figure 2.3. The Figure quantifies the idea already
seen in Figure 2.2: for a monochromatic source with energy of 1.49 KeV, the size of the PSF (90%
EE radius) increases gradually up to an off-axis angle of about 5’ beyond which it has a very steep
increase. If at 5’ it increases by a factor of 4, at 10’ the PSF is 13 times the size of the on-axis PSF
while at very large off-axis angles of 15’ (not visible in the plot) it is 27 times. In the right panel of
Figure 2.3, the 50% and 90% EE radius as a function of energy is showed for XMM PSFs observed
at five different off-axis angles. If we compare Chandra’s 90% EE radius for a 1.5 keV source with
XMM’s, one can immediately see that Chandra’s PSF is at least four times smaller than XMM’s up

to off-axis angles of 10’. This demonstrates Chandra’s advantage compared to XMM with respect
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to spatial resolution.

The degradation in PSF properties with off-axis angle has a very important impact on the observed
spatial distribution of astrophysical sources. Their observed size and shape will be the convolution
of their intrinsic distribution with the PSF. To account for this change, images of the PSF can be
simulated and used during the source modelling. Simulations can be created using the Chandra
SAOsac raytrace code (ChaRT) or Model of AXAF Response to X-rays (MARX) software which
are software that trace and project on the detector the incoming photons from a simulated source

through the Chandra X-ray optics using detailed models for the telescope’s mirrors and detectors.

2.1.2 Source selection

The method adopted for selecting sources which are used to construct the final source catalogue
of a survey has a large impact on the sample properties. There are several constraints that can
be imposed when selecting a sample: adopting a threshold for the minimum flux required for a
source, imposing a maximum/minimum redshift for detected sources, adopting a minimum number

of counts or any combination of these.

For CDGS, since we are interested in studying the evolution of X-ray properties of groups, we
require a minimum number of detected source counts which will allow us to obtain an reliable
estimate of these properties. Therefore, one question which we have to address is: What is the
minimum number of counts for a source to be include in our sample? In addition to this, since we
want to detect sources up to high redshifts, another question is: What is the minimum exposure
time needed to detect a minimum number of source counts equal to our threshold from a high

redshift source?

The number of counts threshold is selected such as to be able to perform a spectral and spatial
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Figure 2.3: Left: Chandra HRMA/ACIS encircled energy fraction radius as a function of off-axis

angle. Encircled energy (EE) radius of the PSF is the radius of the circle enclosing a particular

fraction of the PSF’s flux. Figure taken from The Chandra Proposers’ Observatory Guide (POGQG).

Right: XMM 50% (bottom set of curves) and 90% (top set of curves) EE fraction radius as a

function of energy and off-axis angle for two XMM detectors: MOS1 and MOS2. Figure adapted

from XMM technical notes: Ghizzardi, S., ‘In-flight calibration of the on-axis and near off-axis

PSF for MOS1 and MOS2 cameras‘, EPIS-MCT-TN-011.
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Figure 2.4: Fractional error obtained for a kT=1.5 group (top) and a kT=4.0 keV cluster (bottom),
both at redshift 0.3, obtained from simulations of 10 spectra for each pair of exposure and source
counts within the range plotted. Both, the hight and colour of the bin have the same value given by

Equation 2.1.
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analysis of each detected system. Spectral analysis involves extracting spectra for each source and
fitting a thermal plasma model in order to estimate the gas temperature. These temperatures will
be further used to estimate other properties derived based on the temperature such as Rsgg, cooling
time and entropy. Spatial analysis involves fitting beta models to surface brightness profiles to

obtain information about the source flux distribution.

To investigate the minimum number of source counts needed to be able to perform a spectral and
spatial analysis, we have simulated source spectra for two classes of sources: groups (kT = 1.5
keV) and clusters (kKT = 4.0 keV), both at a redshift of 0.3 and with an abundance of 0.3 Z,. For
each class, 1210 source spectra are simulated for various exposure times and number of source
counts using fake_pha function in SHERPA. For each exposure time and each number of counts,
10 spectra are simulated. The background is simulated separately using a background model with
multiple components as described in Chapter 2.6 and then the simulated source and background
spectra are added to form a single source plus background spectrum. The parameters used for the
background model during simulations are obtained by fitting this model to an observed background
spectrum. All parameters are fixed to the values obtained from the fit, with the exception of the

amplitude, which is changed depending on the exposure time used for the simulation.

Figure 2.4 shows the results obtained by applying our spectral analysis (see also Chapter 2.6.2)
to all simulated spectra. For each fit, the redshift and abundance is frozen to the value used to
simulate spectra: 0.3 in both cases. The hight and colour of each bin, given by H, is calculated

using:
1 n
|_ Z Ty — T9|

H=10021=L 2.1)
T

where n is the number of simulations for a particular exposure and number of counts (10 in our
case), Ty, represents the temperature obtained from the thermal fit to simulates spectra and T

represents the input temperature used to simulate spectra. We can see that adopting a count limit
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of 100 counts allow us to get reliable estimates for groups temperature, to within 20%. For clusters,

this lower limit gives less reliable estimates of temperatures, with errors below 50%.

So far we have decided on a limit of 100 counts required for a source to be part of our sample.
The next step is to decide which is the minimum exposure needed in order to be able to detect 100
counts for a high redshift group. Figure 2.5 shows the minimum exposure time needed to detect
100 counts from a source at a particular redshift and with different luminosities: 10*%erg s~! (red),
5 x 104Zerg g1 (orange), 1043erg s~! (green), 5 x 1043erg s~ ! (blue) and 1044erg s~1 (black).
These luminosities correspond to temperatures of 0.7, 1.1, 1.5, 2.7 and respectively 3.6 keV if an
observed luminosity-temperature relation for low redshift groups and clusters with a slope of 2.52

and intercept of 0.10 is used (Eckmiller et al. (2011), their Table 4 ).

Figure 2.5 shows that for a typical group of 1.5 keV and luminosity of 10*erg s~!, the range of
exposures needed to be able to detect at least 100 counts increases steeply from 30 ks at redshift
0.3 to 500 ks for a redshift of 1. The exposure needed for clusters, on the other hand, has a much
less steeper increase, with exposures within 10 and 40 ks. On the basis of this Figure, we choose
70 ks as our minimum threshold, an exposure for which we can detected groups up to redshifts of

0.5.

We remind the reader that CDGS is a survey based on the observations available in the Chandra
data archive. This means that the same position on the sky might be observed several time and
be at different off-axis angle in each observation, depending on the observing preferences of the
Principal Investigator of that particular observation. To increase the number of counts which can
be detected for a source, we combine all these overlapping observations and perform our source
detection and further data analysis on these merged images. For the rest of this Chapter, when we
refer to a field, we mean the sky area covered by overlapped observations, while an observation

represent the image obtained from a single pointing. In Figure 2.8 we show two examples of fields
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Figure 2.5: Curves of minimum exposure needed to detect 100 counts from a source with a given
luminosity as a function of redshift. Different curves correspond to different source luminosi-
ties: 10%%erg s~! (red), 5 x 10*%erg s~! (orange), 10¥erg s~! (green), 5 x 10%3erg s~! (blue) and

10% erg s~ (black)
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with different degree of overlapping between individual observations. The value of each pixel
in the image represent the total exposure time at that particular point obtained from the sum of
exposure times in each individual observation. The left panel, which represents the Chandra Deep
Field North (CDFN), is an example of a field with a high degree of overlapping between individual
pointings, while the right panel, which corresponds to the COSMOS field, is an example of a field
with a much lesser degree of overlap. This Figure also show that the actual exposure time across
the field can vary significantly and therefore our threshold of 70 ks is not a simple cut which can be
applied to each point in the field. One of the options would be to require a minimum exposure of
70 ks for at least a very small fraction of the total field of view. If we use this method, some fields
with moderate exposure would be excluded if none of the points in the field reach this threshold.
Although our interest is the detection of high redshift groups of galaxies, we do not dedicate the
survey exclusively to these types of sources. Therefore we want to search for extended sources in
moderately deep fields, which are selected by requiring a minimum exposure of 70 ks for the total
exposure of the field. Left panel of Figure 2.21, which we show at the end of this Chapter in the
Survey statistics chapter (Chapter 2.8), shows a histogram for the exposure time of all individual
observations which are used for our survey, while the left hand side panel shows the distribution of
exposure times for the merged image. We can see in the left panel that the peak in the exposure of
individual observations is at about 30 ks, with a second, although much lower peak at 70 ks. When
we look at the right hand side plot we can see that the large majority of fields have a total exposure
of about 100 ks. Also, there are 4 fields with very high exposures which corresponds to the CDFN,
CDFS, COSMOS and AEGIS which are individual surveys, with CDFS and CDFN being a pencil
beam survey with 20 respective 63 individual observations and COSMOS and AEGIS covering the

largest area from all of our fields.

Figure 2.6 shows the area covered by our survey at each exposure. From this Figure we can see

that most of our area covers exposures below 150 ks. If we combine this with the information from
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Figure 2.6: The area covered by CDGS as a function exposure time.

Figure 2.5 we can estimate that the majority of groups detected will be at redshifts below 0.5, but

we expect to discover also high redshift groups with redshifts up to 1.

2.1.3 Survey area

If the aim of the survey is the ensemble of a sizable sample, then the selection of an area as large

as possible to use for source searching represents a priority.

Since we are interested in detecting a large number of groups, we construct our survey area start-
ing from all observations available in Chandra archive to which we impose a few constraints to
optimize the number of detected systems. A more detailed discussion of the procedure used to
select observations from the archive and construct the fields used to search for extended sources is

presented in Chapter 2.2, in which we derive a total area for our survey of 9.7 deg?.

Although this total area gives an idea about the size of the survey, a more important area is the one
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covered by a survey for which the exposure is high enough to detect sources above a particular flux.
This area, although in most cases stated as a function of flux, depends also on other factors which
influence source detection, like the source size, its position in the field of view, the background
or other contaminating sources. A proper estimation of the probability to detect a source with a
particular flux (survey selection function) has to take into account all the above mentioned factors
which has an impact on source detection. This can be done with extensive image simulations of

sources with different properties on which the survey detection algorithm is run.

Given the effective area as a function of flux, the number of clusters expected to be detected
from a survey can be estimated a priori. This number depends on two factors: the real number
density of clusters as a function of luminosity and redshift and the number of clusters which can
be detected in the survey . Therefore, what is needed to calculate the predicted number of clusters
is: a way to approximate the number density of clusters as a function redshift and of luminosity
or mass (it can be the observed luminosity function or simulations), knowledge about the expected
luminosity range which should be observable with the instrument used for detection and survey

strategy (selection function).

Number of clusters per unit comoving volume and per unit luminosity interval (dn(Ly,z)) can be

obtained from luminosity function:

_dn(Ly,z2)

X

This luminosity function can be constructed from observations and the function usually adopted to

parametrize it is the Schechter (Schechter 1976) function, given by:

L\ ¢ L.\ (dLy

X X

An example of a luminosity function for the nearby Universe, together with a Schecter function fit
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is showed in Figure 2.7. This function has been obtained by Bohringer et al. (2014b) using 910
galaxy groups and clusters with luminosities in the 0.03 — 10 x 10* erg s~! interval from ROSAT
All Sky Survey. The Figure shows the fit to the luminosity function created for clusters in two
redshift intervals: 0.0-0.1 and 0.0-0.3. Luminosity functions for clusters of galaxies constructed
based on observations has been obtained from Einstein Medium Sensitivity Survey (EMSS; Gioia
et al. 1990a), ROSAT surveys (Ebeling et al. 1998, 2000; De Grandi et al. 1999; Bohringer et al.

2002; Koens et al. 2013; Bohringer et al. 2014a), XMM surveys or Chandra surveys.

One important scientific question is if the luminosity function evolves with redshift. The ROSAT
all-sky survey allowed the construction of large flux-limited sample which are used to construct the
low-redshift luminosity function. These functions are usually used as a baseline for determining
and quantifying the evolution of X-ray luminosity function obtained from deeper surveys. There is
no clear consensus if the cluster luminosity function evolves or not. Some studies predict positive
evolution in luminosity function (Edge et al. 1990), others predict no evolution (Ellis & Jones
2002; Jones et al. 2002), while others predict a negative evolution (Edge et al. 1990; Gioia et al.
1990a; Mullis et al. 2004; Koens et al. 2013).

We have calculated the predicted number of clusters for our survey by integrating Equation 2.2

over the luminosity and redshift range covered by our survey using the following equation:

dv(z)
dz

LX Jmax

v= [0 e aai)

LX ,min

dzdLyx (2.4)

In this equation Q( fx) is the survey area as a function of the flux limit imposed by the survey and

dV (z)/dz is the comoving volume corresponding to a unit solid angle at a redshift z.

As already mentioned, to estimate area for which the survey is sensitive to, require good knowl-
edge about the selection function. Since we have not modelled our selection function, the number
obtained from Equation 2.4 is only an approximation to the more precise number of expected sys-

tems determined with a proper selection function. The survey area as a function of exposure for
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Figure 2.7: The X-ray luminosity function for a sample of 910 galaxy clusters from ROSAT-ESO
Flux-Limited X-ray (REFLEX II). The luminosity function is plotted for two redshift intervals:
low redshift (below 0.1) and intermediate redshift (below 0.3). Points represent the luminosity
function obtained from the data and continuous line represents the best fit Schechter function for

these two samples. (Figure from Bohringer et al. 2014b)
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our survey is given in Figure 2.6. To obtain the survey area for each redshift and luminosity bin,
we integrated the function from this Figure as explained in the following. For each redshift and lu-
minosity bin, we have calculated the corresponding flux using the luminosity distance relation. For
the flux obtained, we then calculate the number of counts which would be detected for each expo-
sure between the 10 — 400 ks exposure range covered by our survey. The conversion between flux
and count rate is done using the modelflux tool from CIAO assuming an absorbed thermal plasma
model (APEC) for our source. The temperature of the model is the temperature which would cor-
respond to a luminosity dL, in the L-T relation of clusters of galaxies obtained by Eckert et al.
(2011). The abundance is fixed at 0.3 z,. If the number of expected counts is above our threshold
of 100 counts, then the area corresponding to that exposure time is added to the total survey area
for that luminosity and redshift bin. The area calculated in this way represent an approximation of
the actual effective area covered by the surveys and it is expected to be an overestimate of the real
survey area because we assume 100% detection rate for sources with at least 100 counts. The de-
gree of the overestimation depends on the efficiency of our detection method and can be calculated

only with good knowledge about the selection function.

The comoving volume covered by a solid angle (d€2) at a particular redshift, (dV (z)/dz) is given
by:

22
V() _ e (1+2°DF
dZ H() E(Z)

(2.5)
where c is the speed of light, Hj is the Hubble constant, D4 is the angular diameter distance.

Solving equation 2.4 we expect to detect 149 systems from our survey with redshifts between 0.1

I"em™2. This number represent only

and 1.0 and luminosities in the 0.01-0.5 times10** erg s~
an approximation to the number of sources expected from our survey since we simplified the
calculation by introducing several assumptions like: no evolution of the luminosity function, the

ability to detect all sources with at least 100 counts irrespective of their flux distribution or other
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factors which might affect source detection, no evolution in L-T relation.

2.2 Fields selection

To construct our X-ray selected sample, we have searched for extended sources in all observations
available in the Chandra data archive as of September 2009, which match all three criteria that we
introduce to optimize our survey efficiency. The flowchart in Figure 2.9 shows the steps followed
in order to obtain the final list of fields (a field is obtained by merging individual observations with
similar pointings) used in our survey to search for groups and clusters of galaxies. Our filtering

criteria are:

e select only high galactic latitude pointings (|| > 20°) in order to avoid observations affected by

high absorption from gas in the galactic plane

e select only ACIS-I observations; As mentioned in Chapter 2.1.1, ACIS-I detector is preferred
over ACIS-S for surveys due to its geometrical configuration which allows the covering of a

more contiguous area for the case of multiple observations with similar pointings.

e select only those fields for which the total exposure time of merged fields is greater than 70 ks (as
explained in Chapter 2.1.2). The aim of this filter was to increase our survey sensitivity by
selecting only those fields with a long exposure time thus allowing us to detect high redshift
groups of galaxies. This lower limit exposure will allow us to detect a minimum of 100

counts from a 1.5 keV group at redshift 0.3 and with a lower flux limit of 10~'% erg cm™2

s 1

Finally, we have excluded from our list also those fields for which the target is a low redshift group
or cluster which occupies most of the field of view and therefore reduces the chances of detecting

any serendipitous sources. Our final list, which contains 66 fields, is presented in Table 2.2. The
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Figure 2.8: Example of different geometries for fields included in our sample. The colorbar shows
the total exposure time corresponding to each point in the field. Left: Chandra Deep Field North,
a field with a high degree of overlapp between individual observations. Right: COSMOS field,

which has an almost uniform exposure, with a almost no overlapp for several individual pointings.
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Chandra Data Archive
available observations
(6840)
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Select high galactic
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(4839)
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Select ACIS-I
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(1759)
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(693)
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Figure 2.9: Flowchart describing the filtering used to obtain the list of fields used in the CDGS to

search for groups and clusters of galaxies.
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name assigned to each field in the Table is the name of the target in the observation with longest
exposure time from all observations merged to create the respective field. The name of the target
in the longest exposure time observation is the name chosen by the Principal Investigator of that
observation and in most cases is the the name of the target source. Figure 2.10 shows the position
of our fields, in galactic coordinates. The size of the circle is proportional to the field size, while
the colour is proportional to the total exposure time (after filtering for flares; see Data Reduction),
where grey represents the lowest exposure (70 ks) and red the highest (5 Ms). Marked on the
plot are several of the main Chandra continuous surveys which includes: Extended Chandra Deep
Field South (CDFS)- which is the deepest survey of about 5 Ms covering a small area of only 0.3
deg?, COSMOS- which is the field with the largest area from our survey of 1 deg? and with a an
exposure of about 1.5 Ms and AEGIS- which is a 0.3x2 degree strip with uniform exposure adding

up to 3 Ms. The total area covered by our survey is 9.7 deg?.



85

2.2 Fields selection

ree
8YEE LYEE OVEE SPEE EVEE 6691 8691 L6OT BFEE LYEE 8691 8FEE LiEE § L1yl 9LE £6€ WOLL'LS ST0S'8ST 7"MN-HT 6
LTL6 9€08 SE08 ¥£08 5 £33 e L6E °65T0 £E0r'vee TCVSS 8
601 81601 TC8OT 1L¥OT OLYOT 69101 89¥01 1 Sve LLY 8% SSITYL §996°G11 1TPL+9'SELOSIN L
0EY6 9T6 STY6 ¥Tr6 €OLL 8TS ST1TY 1 9LS 8¢S 1339 65€6'C 60¢S €L 0TSIeqV 9
6208 820S LTOS 9T0S ST0S ¥20S £20S 1€0S 0€0S s 6LTC 865 029 0660°6S L186°191 UBUDOOT 2IIMG S

§CE8 €668 TSSB 0SS 61758 £0S8 L6V8 9678 Y678 €618
€878 T8YB 8LY8 ¥TI8 €TI8 TTI8 LTO8 9T08 STOB ¥T08 £208 TTLOY 1208
0208 6108 8108 L108 9108 ST08 ¥108 £108 T108 1108 0108 6008 8008
L008 9008 S008 008 £008 TO08 1008 0008 666L 866L L66L 966L S66L s 1ove 8691 PrLl IPEET LTITOST SONSOD 14
607€ 801E 16€€ 06£€ 68E€ 88EE Y6TE
€6CE €TYT 1TPT 98€T YPET YETT €E€TT TETT 1L9T L96 996 LS6 08S s (944 2961 0661 6¥¥C'T9 LEST 681 NAdD €
SOEY LSEY SOEE LBIL 99€9 £TT9
TTTY 758G €8S 181L 1S8S 6ETL 8ETL LETL 9ETL 88TL 691L 16£9 0TTY
TS8S €2601 96801 LLBOT 9L80T 6¥801 8¥801 L¥80T 69L0T OFL6 6£L6
9EL6 SEL6 YELO T9V6 0976 6576 8SH6 6179 8179 0S8S 6185 1886 0886
6L86 8L86 €€L6 1€L6 0EL6 6TLO LTL6 LSY6 9S¥6 SS¥6 ¥S¥6 L1T9 91T9
81785 L¥8S 0L86 9986 £986 71786 €786 TV86 LOL6 96L6 S6L6 ¥6L6 £6L6
9TL6 STLO ¥TLO €TL6 TTL6 1TLO €516 TSY6 1576 0S¥6 S1TY 179 9¥8S
S¥8S9L86 SL86 £L86 €179 TITI ¥¥8S £¥8S 081L 1129 01T9 T8¢ 1¥8S s (44744 oree oree 1919°CS S0SSYIT S109v [4
PETTI €€TTT TETTI 1€TTT 0€TT
LTTTI £TTTI TTTTI 0TTTI 61TTI BITTI €1TTI 8EITI LEITI SEITI
6CITI 8TITI €TITI SSOTI $SOTT €S0TT TSOTI 1SOTT 0SOTT 6¥0TT
8Y0TI LYOTT 9¥0TT SPOTT ¥¥OCT €70CTT 81L6 9656 £656 8LS6 SLS6
L6S8 9658 S658 1658 €658 T6S8 1658 919 TLOS 120S 0TOS 610 8108

L10S 910S S10S 60¥C 90T SO¥T €1€T TIET 6€TT TLII 1€¥1 T8S 19 8 6¢l1 LO8Y 8cov 0¥S6°LT- 1856'CS S4dd I
(punuor) ) ) (3ap) (Bap)
art sq0 odAL vy ueo[o ainsodxg amsodxyg 2 ey ouwreu plarg OoN

199[qo [eorsAydomse ue Jo3Ie) SB 9ARY YOIYyM SP[AY JOJ ,1, PUB SASAINS Ik YOIYM SP[AY JOJ ,S, : 2q UBD UONBAIISqO Ay} Jo adA)
AU, ‘PIPY Y} 98I 0} PASISW SUONBAIISQO [ENPIAIPUL [[B J0] AIYDIR nApuvy) YY) Ul (J[ UONBAISISQO dY) pue p[oy ay} jo adK)
Y} ‘BaIe ploy oy ‘(¢ 7 uondas 29s) Juld[y punoidyoeq Juikjdde 1a1ye arnsodxe uead ‘proy oy Jo ainsodxa [L101 ‘p[oy Yl
Jo anuad 9y} 10J (00QZ[ 10J) UOIIBUI[IS(] Y} PUB UOISUISY IYSTY oY) ‘(UONBAIISQO ) JO [ oY) AQ UQAIS aweu ay) sjuasaidax

SIY)) P[Y oY} JO dWrU Y} ‘Toquinu Xopu[ :juasardar 9[qey oy} ur suwnjod Y, ‘AdAins SOD WOIJ SP[AY JO ISIT 7T QIqel,



Chapter 2 Chandra Deep Group Survey

86

E€SLIT I61€E

60LL €VS TO1Y

°6L9

9LTY 90EE SLTY LOEE

S656 1L¥8 6SEL

86L0T 0TLOT

LSS8 LLY8 ST6L TILL

Si6

1629

ES01

SEC S0TE S81€E

816

60LL €¥S TO1Y

8¢CT

T8E6 T8CE

TsLe

18€6 1TLLOTT9 8STE

9¢$

TSLIT061E

80LL 1689 LOTT

8€TT LETT 9€TT SETT

969L LES £00S TO0S 1991
SILIT

€ILL €COL TTOL 120L

0108 16T€ L6LOT 98LOT €1+01
8TEL OTOL 610L 8TOL LIOL LIOL 9T0L
TSy LTee

6L£6 0TLL TLT9 6019 ¥6S€ ¥STE S8LOT
vy 6Cly

18€S 9981

LT6 80L1

€0vY 8611

0LEL 1889 0889

T0LL 68TL 0£69 0FS ¥00S €991
169L TYTL 8SE9 LSEY 95€9 €T8S TTY

L9L6 09L6 6SL6 8SL6 LSLO6 9SL6 ££08 TEOS LYS

98¢
6CS
16T
6LY
re
6T
LSY
16T
16T

16T

88Y
16T
81¢
16T
844
16T
<y
129
8SL
Y9
16T
L8E
oy
LLT
°0e
18y
6T
Sie
6T
6e
[ei4
S8y
1Ly

18¢

96
96
L6
86
66
001
001
101
101
101
01
So1
601
o1t
(281
141!
141!
911
911
L11
811
9¢l
oSt
Sl
8S1
191
€91
94!
SLT
9LL

<81

761
L6l
£0C

6€C

L6
L6
86
LI
101
101
<01
SoT1
101
201
LO1
601
o1t
[43!

148!

orl
611
811
611
0cl
8¢l
43!
o¢1
091
191
€LT
991
LLT
8L1
681
ol
961
0cI
s0c

Sve

£601'81-
LOLT eV
9PSE6
8871~
0686'89
09850
£19¢°0¢-
¥192°9¢-
96¥L'S-
rS0'IS
€960 11~
TESL
6¥LT'TC
LILT'6T
£€09°9C-
SELL'LE
cLere
81199
£V8E 8-
£TCT99
£vesLE
Y6Ty'eC
$S09°0
[£328Y
SSovTl-
8SEEr-
9TEE TS
6EL1'8E
880°¢-
9PE18L
86061
SI8¥'6T-
1278°C
68T 1
P8CLT-

T10Ty9

YS6¥' 20
0280'1¥¢
LE6LITT
1L0€°9C
£966'79C
90SY'Ly
Y68Y°¢
Y9TT'891
Y89'LTE
L9TeT91
61LS 6V
LL69'SYE
629T¥CT
020€°661
8796'C6C
960¥'6C
SLEL'L6T
180T°SLI
65¥8°10€
£90T°SET
0085°€0C
16¥6'8L1
6LE96YE
6¥26'CCC
€EIv9
L9EY'8
8999°LEl
6L8ESYT
LEBT'TE
0L88°L9
68cTCel
0€8T°¢61
86¥C°01C
6988°L61
069161

(4444574

$9890DN
€TEPH091DS
60+LbPTOOND
AHININX

oVl

TETIDON

vhLTy
SI9T-T'ETTIITD
S0-0STZOOND
vewm

LOGY

0£20STH
TETTHO'SSHISIN
16T+ LIETIXY
PE9T-8 TE6TISOVIN
ZSLOON

11€0-0 TIEISOVIN
ST99+S'LETTSIN
1989DON

seiey

MHETNINX

€IvTV
PE00+8TETSON
S661119Y
TTTI-'STOOSOVIN
1S7SIVTE
TTYSHOT600X Y
0T8E+E TTOTISOVIN
PRI SmI_) e[e|
ISSTSANAT
£SPP+O'SPS0TD
62-TSTISOaY
SE811IPQY

6891V

05911199V

€¥9+00LTSH

54
144
94

w

oy
6¢
8¢

LE

0¢
6T
8¢
LT
9C
4

T

61
81
L1
91
SI

14!



87

2.2 Fields selection

gece

0991

(4344

556

956 SS6 756 €56 8L
888

9L£6 9019 S9TE

L88

YTEL €TEL TLO9
S0l

61LL 8019 T8SE LSTE
161L9SLS

7991

00Ty §S91

SPE6 66LT1

¥€0S £€08 TE0S
906¢ S06€ £8SE 9051 6711
¥$T

€917

1119 68¢¢€ Lo1€

166 £991

16T
16T
16T
16T
£6¢
16T
Sov
16T
91¢
16T
SLE
SLy
16T
334
96T
SIS
SS9
16T
16T
86¢

88%

99

69

€L
L
€L
SL
9L
9L
LL
8L
8L
08
8
8
88
88
88

68

oL
L
L
L
L
€L
L
YL
S8
LL
LL
8L
08

08

68

88

76

06

06

€LE0CT-
620¥'€C
8EVE0
1,200~
0€L0°CL
L9SSYS
LSS8'8-
S920° 1Y
8901 -
19L6'0%
8vITT
€800 11~
LTST 6V
0¥oL’LE
9ELTIS
71968
169¢°L
820TCS
89L1°9¢
058¥°6¢

SOLS Y-

68€0°0LT
TE0TOLL
88€9°¢
PSS991
69L6°S
0586°THe
81L66C
8961°6¥C
80767
10Ty'8€1
[Ugaady
S6LT'19
L6LES8T
SPer'601
£€0£€°SS¢E
SPSETIT
6268°69
8LT8TIT
TEI8EIT
091T911

LLLOYIE

T0T1-0C110S
LTETHITIIA
AdHM

ITSEOON

ONLLY

IN SIV1d
6ST0SOVIN

TN stelg
Hoziievy
6017+70160SV I
1120-9'6T€0ISOVIN
001507012
8I6V+ITTIA
SYLEFS LTLOISOVIN
611S-1vETIDLdS
IPRIIPPEA
STLO+H0'6E70IXA
$6CTO¢
CTIOEHTSIVIITO
LT6E+6'YYLOSOVIN

6¥70-L'€SOTSIN

99
<9
¥9
€9
9

09

LS
9¢
sS
143
29

[y

0s
(G4
8
Ly

o



88 Chapter 2 Chandra Deep Group Survey

2.3 Data analysis to create extended source list

2.3.1 Data Reduction

Each individual observation has been reprocessed starting from level=1 eventfile in order to correct
it for charge transfer inefficiency (CTI), time-depended gain adjustment and create a new bad pixel
file. The aim of reprocessing is to apply these corrections using the latest calibration files available
in the Chandra Calibration Database (CALDB; version 5.5).Data reduction and all subsequent data

analysis have been performed using Chandra analysis software (CIAO; version 4.4)

CTI represents a loss in the transfer efficiency of the charge produced by X-ray photons during
its shift in the CCD towards readout nodes. The effect of CTI will be a loss in energy resolution
and a shift in the apparent gain. The time-dependent gain adjustment has to be applied in order to

account for the change with time in "effective gains" of the detectors.

All corrected observations have been filtered using three types of filters: one for the properties
and quality of each event in the evtfile and two for the X-ray background events generated by
interaction of cosmic charged particles with the detector. Each event recorded in the evtfile has an
assigned number (grade) depending on the amplitude of the 8 pixels (for FAINT telemetry mode)
or 24 pixels (for VFaint telemetry mode) surrounding the pixel corresponding to that specific event.
Based on the number and position of pixels with an amplitude above the event split threshold, a
grade is assigned to each event. For example a single event pixel will have a grade of 0, a grade of
2 will represent a vertical split up or down, and a grade of 4 will represent an horizontal split to the
right and left. The use of grades is helpful because it can separate between X-ray events and those
due to charged particles whose charge split pattern is different from that of X-ray photons. Besides
grades assignment, each event has a status column which consists of 32 bits, each bit having a

value of 0 or 1 depending on the quality and origin of the event (e.g. event in a bad pixel, cosmic
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Figure 2.10: Fields used in CDGS to search for extended sources. Galactic coordinates projection
is used and the size of the symbol is proportional to the total exposure time of the field. Few of the

most important Chandra surveys are labelled.
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ray event, afterglow event, etc.). We have filtered our eventfiles for bad grades (we used ASCA
grades 0,2,4,6) and for ‘clean‘ status column, choosing only events with all bits in the STATUS

column equal to 0.

The first background filter applied is the lightcurve cleaning whose aim is to filter periods of time
with enhanced count rate above the mean value, also known as flares. Flares has been observed to
be present in several if not most observations (De Luca & Molendi 2004). They are highly variable
in time and intensity (Kuntz & Snowden 2008) and we can take advantage of their variability to
filter them out. A lightcurve is extracted from all observations excluding sources and periods of
time with count-rates 20% higher than the median count rate are excluded. The efficiency with
which the flares are filtered out depends on the bin size and energy chosen to create the lightcurve.
Although this method filters out most of the flares, there may be some log period of time flares with
low amplitude or high amplitude very short flares which can not be detected and filtered. Therefore
some observations may still be affected by flares even after filtering. Following Markevitch et al.
(2003) we have used an energy band of 0.3-12 keV and 2.5-7.0 keV for ACIS-I respectively ACIS-
S chips and time bins of 259.28 and 1037.12 seconds.

The second background filtering is not applied to all observations but only to those taken in the
VFaint mode. The VFaint mode setup allow for identification of events coming from high energetic
particles by analysing the 5x5 pixel island centred on the pixel corresponding to that particular
event. In this way events coming from high energy particles can be removed from the eventfile and

the amplitude of the uniform X-ray particle background reduced.

Following data reduction and evtfile filtering, individual observations with similar pointings has
been merged in order to create a single merged eventfile used for data analysis. Since groups of
galaxies radiate most of their energy in the soft part of the spectrum, their detection is more efficient

in the soft band images. Therefore the image used for source searching and spatial analysis has
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been filter for the 0.5-2.0 keV energy band, while the one used for spectral analysis covers a wider

energy range of 0.5-7.0 keV.

2.3.2 PSF modelling

Very good knowledge about the size and shape of the PSF is a key element for our survey (see
2.1.1 for a definition of PSF and few properties of Chandra’s PSF in comparison with XMM’s
PSF ). Firstly, PSF is crucial for deciding if a source is spatially extended or it can be classified
as point-like. A source which appears point-like in X-ray images (e.g. stars, AGNs) will have a
surface brightness distribution coincident with the telescope’s PSE. On the other hand, extended
sources like clusters will show a surface brightness excess when compared with the distribution
of the PSF. Secondly, during the surface brightness fitting, any model used to describe the source
spatial distribution has to take into account the observed blurring of the source introduced by
imperfections in the telescope’s mirror. A model of the PSF is used in the fit in order to allow for

this blurring and determine proper parameter estimates.

Several methods are available to model the PSE. ChaRT, the Chandra Ray Tracer, is the Chandra
PSF simulator which can be used to create images of the PSF. ChaRT is considered the best method
to create a PSF at any off-axis angle and for any energy or spectrum because it uses same detailed
models for mirror’s physical and reflecting properties like those used for calibration. Unfortunately
this method is not optimal for our survey because it uses a web-page interface to simulate one PSF
at a time. We require a method which can be applied in automatically fashion on a large number of
sources at different off-axis angles. Another way to create a PSF based on simulations is to to use
MARX, which can simulate images of the PSF. Comparing to ChaRT, MARX uses simpler models
for the telescope’s mirror and therefore the PSFs created with MARX lack the details of ChaRT

PSFs. In addition to methods based on simulations, one could create a PSF by using observed
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astrophysical sources which are known to be point like-sources such as stars, AGNs or quasars.

This method, although good requires good knowledge about the physical properties of the source.

We have generated PSFs for each detected source using MARX simulator. The parameters needed
for the simulation are: source type, source position on the sky and source energy, which can be
an input source spectrum or a flat spectrum with energies between two limits given by the user.
We have chosen to create the PSFs as sources with a flat spectral distribution, with an energy of
1keV. In cases where a source is detected in multiple observations and at different off-axis angles,
an image of the PSF is simulated for each observation. These individual PSFs are then merged to
create the PSF corresponding to the detected source. In the merging process, each individual PSF

is weighted by the exposure time of the observation which the PSF has been created.

As we have already mentioned, a proper modelling of the PSF is crucial to distinguish between
extended and point-like sources. Therefore, we would like to test if our modelled PSF created with
MARX is a good approximation of the telescope’s PSF. Images of known astrophysical point-like
sources such as AGNs and stars represent the best approximation of Chandra’s PSF, under the
assumption that the intrinsic properties of these source are well known. We have used a sample
of AGNs detected in the COSMOS field from the catalogue published in Merloni et al. (2010), to
compare their surface brightness distribution with that of PSFs simulated with MARX and ChaRT.
Their catalogue contains a list of 89 AGNs which are all classified as broad-line AGNs based on
the inspection of their optical spectra. COSMOS is a well studied field using multi-wavelength
observations. COSMOS field has also been observed by Chandra, with ACIS-1. Chandra COS-
MOS field is an overlap of 49 individual observations which cover an area of about 1 deg? with
an uniform exposure of about 50 ks. Since each AGN from the catalog is present in more than
one individual observation, the same source will be detected at various off-axis angles. For each
AGN and for each observation in which it has been detected, we have extracted an image centred

on the source. This wil represent our observed PSF whose surface brightness distribution will be
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used to compare the distributions of PSFs simulated with ChaRT and MARX. Then we simulate
a PSF using MARX and ChaRT for the corresponding off-axis angle and an energy of 1 keV. To
improve the statistics, the images for PSFs with similar off-axis angle have been merged and sur-
face brightness profiles has been extracted from each merged images. This assumes that all AGN's
have similar properties, and therefore their surface brightness distribution will have the same shape

when observed at a particular off-axis angle. Same procedure has been applied for simulated PSFs.

Figure 2.11 shows a qualitative comparison between PSFs obtained by all three above mentioned
methods. PSFs obtained from simulations are plotted in green (MARX) and red (ChaRT), while
the profile of observed AGN is plotted with black circles. Each panel shows the distributtion of all
three types of PSFs for sources with off-axis angle in the interval mentioned in the top right corner.
The dotted line marks radius at which the integrated number of counts represents 95% of the total
counts in the PSF. This Figure shows that, in general, there is a good agreement between all three
methods between the 95% EE radius at all off-axis angles. A perfect match between ChaRT and
MARX PSFs is seen at all off-axis angles, with the exception of a small difference at off-axis
angles smaller than 2 arcminutes, with MARX PSF being a little bit narrower than ChaRT PSFE. If
we look in more detail at the match between data and simulated PSFs, we can see that simulated
PSFs matches the data well for sources at off-axis angles up to 8 arcminutes, beyond which there

is less agreement.

The conclusion which can be drawn from this plot, although it is made only on a qualitative com-
parison, is that the PSF used for our survey, which we model using MARX, is a good representation
of a point-like source for sources detected at small off-axis angles, up to about 8 arcminutes. Ide-
aly, in the process of selecting potential clusters as extended sources when compared to the surface
brightness distribution of the PSF, one would like to exclude sources detected at large off-axis
angle. For our survey, this would have a double negative impact: firs we lose from survey area,

leading to a lower number of detected sources and in the second place we can lose flux from our
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detected sources. This is because our fields on which we perform source searching are created
by merging several individual images with similar but different pointing and therefore the same

source can be detected at different off-axis angles in each individual observation.

2.3.3 Source detection

From the point of view of source searching algorithms, a source is defined as a flux enhancement
above the background level. In X-ray astronomy, source detection is hindered by the low count
statistics especially for the fainter extended sources for which separating the source flux from
the background becomes more challenging. Different algorithms used for source detection are
based on various assumptions about the background and source distribution. Most of them assume
that the background flux is uniformly distributed while some of them make assumption about the

intrinsic shape of the source which is often approximated to a Gaussian distribution.

In reality sources are not perfect Gaussians nor the background is constant and these deviations
from the ideal case make impossible the existence of a perfect source searching algorithm. There-
fore the performance of a detection method is affected by different factors like: the intrinsic proper-
ties of the source, the proximity to other sources, the uniformity of the background and in addition

to this is the performance of the telescope used to observe them.

Clusters have different intrinsic properties which make their flux distribution depart from a perfect
Gaussian: disturbed morphology due to mergers, cool cores, with peaked surface brightness and

point sources embedded in their intracluster medium.

Although the uniformity of the background is a general valid assumption, variations in the level
of the background might be present in an observation due to variations in the Galactic absorption

or different particle background levels. This can lead to an overestimation of the background level
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Figure 2.11: A qualitative comparison between different approximations to Chandra PSF obtained

by simulations (ChaRT, MARX) or by using observed data of AGNs, which are approximations

of point-like sources. PSFs corresponding to various off-axis angles have been created and the

mean surface brightness profiles of the PSFs from increasing off-axis angle intervals is plotted in

each bin. The off-axis angle interval, in arcminutes is showed in the top right legend panel. The

vertical dotted line marks the radius at which the integrated number of counts represents 90% of the

total counts in the PSE. Error bars on data points represent 10 errors using Gehrels approximation

(Gehrels 1986) for Poisson distribution. Shaded regions for MARX and ChaRT shows regions

corresponding to 10 errors.
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and faint sources might not be detected. On the other hand an underestimate of the level of the

background might lead to the detection of two closely spaced sources as a single one.

In X-ray astronomy, two source detection techniques are commonly used: one based on the wavelet
decomposition algorithm (Freeman et al. 2002) and the other one the Voronoi tesselation and per-
colation algorithm (Ebeling & Wiedenmann 1993). Both algorithms are implemented in CIAO as

the wavdetect and vtpdetect tools.

The wavdetect tool firstly transforms the original image by repeatedly convolving it with a Mexi-
can Hat function with different scale sizes in order to identify source pixels. Then the significance
of each potential source is calculated and the final catalogue list created. The effect of image
smoothing with the wavelet function is to emphasize structures with Gaussian distribution and
sizes similar to that of the wavelet kernel. Therefore running wavedtect with a small-scale kernels
will lead to detection of point-like sources, while extended sources are detected by large scale ker-
nels. The number and size of the kernels is chosen by the user. The background at each step is
estimated iteratively from the whole image after eliminating the most significant sources detected

at that particular scale until convergence is reached.
Wavdetect depends on PSF, exposure map, size and number of scales, significance threshold.

The vtpdetect tool exploits the property of the X-ray background to be Poisson distributed and
identifies sources as significant deviations from the background cumulative flux distribution func-

tion.

To estimate the background, a Voronoi tesselation, which is a uniquely defined set of convex cells
containing only one point is computed for the original photons. Because each cell in the tesselation
is associated with one incoming photon, a flux estimation can be made by considering the inverse
area distribution. The background is estimated by comparing this distribution to that of a random

Poisson distribution expected for a real background.
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A flux threshold for the global background is determined and using this value, a source list is
created by the percolation algorithm. This algorithm, also named friends-of-friends starts at one
position, and all pixels above the flux limit situated within a maximum distance from that position
are considered part of one source. The process is repeated and at the next step the last added

structures are the new starting point.

In the rest of this subchapter we give a comparison between the behaviour of wavdtect and vt-
pdetect on some particular test cases chosen to highlight advatanges and disatvanteges of each
method. We test the performance of these two tools in fields dominated by points sources with a
sparse spatial distribution, on fields which contain closely spaced point sources, extended sources
or extended sources contaminated by other point sources. Based on these tests, we choose the

detection tool for our survey and describe the source searching procedure adopted for CDGS.

Some of the important input parameters for vtpdetect (wavdetect) are: scale (scales) and limit
(sigthresh). The scale (default value=1) parameter represent the the threshold used to separate
between background flux and source flux. In wavdetect the default has two scales of 2 and 4,
which represent the size of the wavelet used to convolve the image. Limit and sigthresh have the

same default value for both tools (default=10"°)

For each test we perform, the results obtained by running each detection tool with the default
parameters are presented first. Both tools accept an exposure map as an input to allow for variations
in exposure. We use a merged image of the field and exposure map. The result of the detection
tool is a list of regions, represented by ellipses with sizes proportional to the standard deviation of

the source distribution and the factor used to scale their sizes is given by the user.

e Detection of point sources in uniform, uncrowded fields; This represents the simplest case for
any detection tool since field is not affected by variations in the background or the presence

of other sources and the distribution of the source flux can be well approximated with a
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Gaussian. We have tested the performance of both tools for the default input parameters.
The results of this test is showed in Figure 2.12, in which sources detected by vtpdetect
are encircle with red ellipses, while sources detected by wavdetect are marked with green
ellipses. For a better illustration, we show an increased size for the ellipses which encircle the
source region and which represent the output of the source detection tool. The Figure shows
that for bright, isolated sources, both methods give very similar results. There are although
some differences between these two methods. It can be seen that in some cases, two closely
spaced sources are detected as a single source with vtpdetect, while wavdetect ‘sees‘ them
correctly as two independent sources. This is because both methods are sensitive to the
scale size used for detection, a feature which will be proved later in this section. Another
thing to notice is that vtpdetect finds more sources at large off-axis angle, while the number
of sources detected with wavdetect is larger at small off-axis angle. The lower number of
sources detected by vtpdetect compared to wavdetect is due to a low threshold adopted for
the minimum number of source counts required for a detected source to be considered a
real detection. The default value is 10. We have tested the detection method with a lower
threshold (5 counts) and found a better agreement with the number of low off-axis angle
sources detected by wavdetect. The fact that wavdetect misses large off-axis angles is due to

the scale sizes used for detection.

e Source deblending

The ability to correctly identify two closely spaced sources as distinct sources (e.g. deblend-
ing) is an important feature of any source searching algorithm. This is because the flux
distribution of each source departs significantly from Gaussianity in the presence of other
close-by source. We have tested how well both algorithms are able to detect each source
from a pair of close-by sources. Figure 2.13 shows the results of source searching on a part

of a field which contains three close-by sources. Green ellipses in the top rows of panels
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Figure 2.12: The result of source detection in the NGC752 field. Green ellipses shows the sources

detected by wavdetect while red ellipses shows the result obtained from vtpdetect. In both cases,
the size of the ellipse which should correspond to 3 sigma detection has been increased for display

purposes.
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shows the results obtain by using vtpdetect with default values for all parameters with the
exception of scales. The results obtained from different scales are presented in each panel.
Top left panel corresponds to a vtpdetect run with scale=1, middle one for a scale of 2.5 and
right one for a scale of 9. It can be seen that for the default scale of 1, vtpdetect is not able
to detect any of these three sources as an individual source. Once the scale is increased to a
value of 2.5, one of the sources is detected as an individual source, while the other two are
still detected as a one large sources. Only at a very large scale of 9, all three point sources

are detected as three separated sources.

The bottom row of panels shows the results for wavdetect. Wavdetect has been run on three
sets of scales: 2.0 4.0 in the left panel, 0.5 1.4 2.2 4.5 8 16 32 64 in the middle panel
and 32 64 in the right hand side panel. In contrast to the results from vtpdetect, the image
shows that wavdetect works better for the default case which includes only small scales and
with the increase of the scale sizes, the tool tends to blend sources. The conclusion we can
draw from this test is that for default parameters wavdetect is able to deblend closely-spaced
point sources, while vtpdetect detects them as a single source. However, if proper scales
are chosen, both methods give the same result. Therefore the way scales are chosen has
an impact on the way point sources are detected: larger scales for vtpdetect will lead to

deblending sources while larger scales for wavdetect will tend to blend sources.

e Extended sources We have seen that scale size chosen for detection tool has an impact in the

way point sources are detected. We want to test how the scale size affects the detection
of extended sources. Figure 2.14 shows the results obtained by running the two detection
tools on a field which contains an extended source. Top row of panels shows the results
obtained by vtpdetct and the bottom panels are those obtained by wavdetect. Vtpdetect has
been run for three scales: 0.8, 1.0 and 2.5. Wavedtect has been run for the same scales as

for the Deblending case. The behavior observed for the deblending test, is seen for extended
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Figure 2.13: Example of the results obtained from vtpdetect (top row) and wavdetect (bottom row)
for a field with closely-spaced point sources. Different scales have been used for each tool: 1, 2.5
and 9 (in the top left, middle and right panels) and 2.0 4.0 (bottom left), 0.5 1.4 2.2 4.5 8 16 32 64
(bottom middle) and 32 64 (bottom right).
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Figure 2.14: Example of the results obtained from vtpdetect (top row) and wavdetect (bottom row)
for a field with extended source. Different scales have been used for each tool: 0.8, 1 and 2.5 (in
the top left, middle and right panels) and 2.0 4.0 (bottom left), 0.5 1.4 2.2 4.5 8 16 32 64 (bottom
middle) and 32 64 (bottom right).

sources as well: vtpdetect tends to deblend sources with increasing scale and become more
sensitive to point-like sources, while wavdetect tends to blend sources with increasing scales
and become more sensitive to extended sources. We can see that for wavdetect, small scales
is not able to detect the extended source from the low left corner, which is picked up only

when large scales are used.

e Extended sources contaminated by point-like sources The last test we make is the one in
which an extended source is contaminated by the presence of a point-like source. This is

presented in Figure 2.15. Scales used for vtpdetect are: 0.8, 1.0, 2.5 and 10. We can see
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Figure 2.15: Example of the results obtained from vtpdetect (top row) and wavdetect (bottom row)
for a field with an extended source contaminated by point sources. Different scales have been used
for each tool: 0.8, 1.0, 2.5 and 10 for top row and 2 4, 0.5 1.4 2.2 4.5 8 16 32 64, 8 16 32 64 and

32 64 for bottom row.

that at smaller scales vtpdetect detects the cluster, but the contaminating point source is
undetected unless a very large scale is used. In this case though, the cluster is not detected
anymore. Wavdetect finds only point like sources at small scales and only at large scales it
detects the cluster as well as the contaminating point source. Scaled used are, from left panel

to righ one: 2.04.0,0.51.42.24.58 16 32 64, 8 16 32 64 and 32 64.

e Conclusions We have seen from the tests we have described above that both wavdetect and
vtpdetect are sensitive to the size of the scales used for detection. Since we have showed

that none of them behave perfectly for all cases, the conclusion we draw is that the detection
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tool we adopt for our survey needs to be run on the same field several times, with a different
scale each time. We have adopted vtpdetect as source detection tool for our survey since
we have showed that this is more sensitive to extended sources. A more detailed description
of how source searching is applied to create the source catalogue will be explained later in
this chapter. Compared to wavdetect, vtpdetect is more sensitive to low surface brightness
sources and irregular morphologies because it does not make any assumption about the size
and shape of the source. For each individual field we have applied our source searching
algorithm on the merged image filtered for the soft band (0.5-2.0 keV). Since our aim is to
study X-ray properties of groups, we impose a low threshold limit of 100 counts for our
source candidates. This lower limit will allow extraction of surface brightness profiles and

temperature spectra.

Source detection algorithm used for CDGS As it has been showed in previous paragraph, each
source searching algorithm has its own advantages and disadvantages and neither wavdetect nor
vtpdetect can give satisfactory results for a single set of input parameters applied to a large variety
of fields. Therefore one solution would be to combine the source catalogues obtained from different
runs of the same algorithm with various input parameters. We have chosen vtpdetect as a detection
method. We have performed three runs of vtpdetect on soft images of each field, each run with
different input parameters. In the first run we have used a scale of 0.8 and a significance of 10~°.
This scale is optimum for the detection of extended sources. For the second run we used a scale
of 2.5 and a significance of 10~7. The scale used is ideal for the detection of point sources. The
increased significance chosen compared to the first run is to avoid spurious point sources. The last
run uses a scale of 5 and a significance of 10~7. This very high scale is used to detect point sources
which are embedded in diffuse extended emission. These would represent the highest peaks in the
flux distribution. While this run picks these kind of sources, it misses some obvious point sources

which are detected in the second run.
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For each source detected by running vtpdetect with a scale of 0.8 each of the following three
situations is tested. If the source region does not include another region or is part of a larger
source, then the detected source region is added to the final source catalogue. This is the simplest
case of an isolated source with a regular or close to regular shape and no other embedded sources.
In the second case, if the detected region includes the region of another source, then the region is
included in the final catalogue. This might be an extended source which includes substructure or
other point sources. Lastly, if the source is included in another detected source, then we have to
investigate if this is a spurious detection or it is an embedded point source. Therefore we checked
if a match between this source and a source detected by vtpdetect at scales of 2.5 or 50 can be
found. If a match exists, then the source is considered contaminating point source and is added
to the final catalogue. Otherwise, the source is not included in the final source catalogue and we

reject it as being a spurious detection.

2.3.4 Source extension

If groups and clusters are observed in X-ray, the emission from hot gas within groups/clusters of
galaxies is detected as a spatially extended source when compared to the telescope’s PSF, which
is a good representation of a point-like source. This is the key property used by X-ray surveys
to detect groups/clusters. Different algorithms used in the literature to classify X-ray sources as

extended has been presented in the Introduction Chapter.

The algorithm adopted for our extension test has been presented in Slack & Ponman (2014) and
uses a Bayesian approach to decide which of the following two models represents a better ap-
proximation to the observed surface brightness profile: a single beta model (see 2.6.3) which is
often used to model the X-ray emission of clusters of galaxies or a very steep beta model which is

considered a good representation of a point source. The source extension test based on this algo-
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rithm uses an image of the source and the PSF, a list of sources which are tested for extension, an

exposure map and optionally a background map.

Firstly, the point source model is fitted to the data. The point source is approximated by a very
steep beta profile, with a small core radius of 0.1 pixels and a steep slope of 1.4. Only the model
normalization and the position of the centre of the source is allowed to fit. The position of the
X-ray centre is allowed to vary up to 3 pixels in each dimension. After the point source model
has been fit, the beta model is fitted to the data, by letting core radius and beta free. All the fitting

procedure 1s done using Cash statistic (Cash 1979).

The key part of the extension test is to answer the question: which of the two models represents a

better approximation of the data?

In order to do this, a Bayesian analysis has been performed to compare the two models. For any
two models, the Bayes factor allows easy comparison between them. The Bayes factor (By) is

given by:

B _ P(d|mpg)
* T P(d|mps

where P(d|mg) is the marginal likelihood of the mg model (in our case the beta model for source
), and P(d|mpgF) is the marginal likelihood of the PSF model (Slack & Ponman 2014). A Cash
statistics is calculated for different set of values for the fitted parameters corresponding to the point
source and extended source model, keeping only the position of the source frozen at the best fit-
ted value. For these sets of parameters, a marginal likelihood is calculated for each model and
integrated over the likelihoods in the parameter space. The extent statistics is given by the ratio
between the extend marginal likelihood and the point marginal likelihood. Similarly, an existence
statistics is obtained by dividing the source marginal likelihood by the background marginal like-

lihood.
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Slack & Ponman (2014) has used simulations to choose a threshold value for the B, parameter.
They have simulated 180 sets of images containing only clusters and the same number containing
only point sources. Four different exposure times have been used for the simulations: 10, 20,
50 and 100 ks. The results of their simulations are summarized in Figure 2.16 which shows the
cumulative distribution of detected clusters (blue lines) and point sources (red lines) as a function
of the extent statistics (log(Bx)). On the figure, dark shading represents regions with an extent
statistics less than unity, while the light shading covers the region below the adopted threshold for
the statistics. It can be seen that the cumulative fraction of systems below a particular threshold
decreases steeply for simulated point sources, while the cluster drop is not as steep. Therefore, a
threshold of log(By)=2, for a 10 ks observation will lead to a 98.5% point source rejection rate and
a 76% cluster acceptance rate. Another thing to note is that for the adopted threshold, the fraction
of point sources classified as extended increases with exposure time, from 1.5% at 10 ks to about
5% at 100 ks. On the other hand, for clusters, the fraction of clusters classified as point sources
decreases from 24% to about 14%. Similarly, for the existence statistics, a threshold (Bg = 4) is

chosen.

The ability to distinguish between point sources and extended ones is crucial for any cluster sur-
veys. The extension test depends not only on the exposure time of the observation but also on the

other factors like: signal to noise ratio, the morphology of the cluster, how PSF is modelled.

We had applied the extension test on all detected sources using an extent threshold of 2. Images
of the PSF corresponding to the position of each detected source has been created using MARX
simulations (see 2.3.2). We did not use a background map during the beta model fitting, but we
have chosen to treat the background uniform and we approximated it’s amplitude as the mean

number of counts from the observed image after removing all detected sources.
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Figure 2.16: Cumulative fraction of sources above a given value of extension statistics. Blue and
red lines represents the simulated clusters and point sources, respectively. Different line styles
corresponds to different exposure times of the simulations. Dark shading covers the region below
an extension statistics of unity, while light shading covers the region below the chosen By threshold.

Figure from: Slack & Ponman (2014)
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2.4 Catalogue of extended sources

A list of all sources detected with at least 100 source counts and characterized as extended by
our extension test is given in Table 2.3. A source is extended if extension statistic calculated as
described in Section 2.3.3 is greater than 2. The Table lists the source ID, the sky coordinates of
the source the detection and extent statistic, source type, which can be a target or serendipitous and

the field in which the source was detected.

From Tabel 2.3 we can see that the majority of sources are serendipitous and the largest contribu-
tion to the number of serendipitous sources comes from deep fields like COSMOS, CDFS, CDFN
or AEGIS. Out of 162 extended sources, only 28 represent the target of the observation.

Table 2.3: List of all 162 CDGS cluster candidates. These are detected sources with at least 100
counts and with an extension statistic greater than 2. Columns in table represent: (1) source ID;
(2),(3) Source Right Ascension and Declination (J2000); (4) Number of net source counts in the
0.5-2.0 keV band; (5),(6) Detection and statistics calculated as explained in Section 2.3.3; (7)

Source type, which can be the target of the observation (t) or serendipitous (s)

CDGS ID Ra Dec Counts  Detection  Extension  Type Field

(deg) (deg)
CDGSJ0024.7-7159 6.19965 -71.98887 826 208.6 92.7 s 47TUC
CDGSJ0024.8-1228 6.20723 -12.47657 230 119.1 19.8 s MACS0025.4-1222
CDGSJ0025.5-1222 6.38849 -12.37811 11722 1000.0 1000.0 t MACS0025.4-1222
CDGSJ0144.8-0432 26.20925 -4.54645 430 110.5 198.7 s XMMIHR
CDGSJ0157.443756  29.35337 37.93898 198 70.0 56.8 s NGC752
CDGSJ0159.8-0849  29.956828  -8.8329253 20837 1000.0 1000.0 t MACSO0159
CDGSJ0159.8-0855 29.96613 -8.91857 485 177.9 174.4 s MACS0159
CDGSJ0200.2-0840 30.05335 -8.68106 3316 1000.0 11.1 s MACSO0159
CDGSJ0204.8-0456 31.2114 -4.93858 396 1000.0 9.1 s Lala_Cetus_Field
CDGSJ0205.1-0501 31.28274 -5.0324 233 1000.0 32 s Lala_Cetus_Field
CDGSJ0310.2-2036 47.55024 -20.60981 1514 1000.0 1000.0 s NGC1232
CDGSJ033.7-4317 8.4437979  -43.291263 873 1000.0 1000.0 s ELAIS_S1

CDGSJ034.4-4319 8.6207667  -43.319042 1866 1000.0 1000.0 s ELAIS_S1
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CDGSJ0331.3-2744
CDGSJ0331.4-2752
CDGSJ0331.7-2748
CDGSJ0331.8-2746
CDGSJ0331.8-2749
CDGSJ0332.0-2741
CDGSJ0332.0-2746
CDGSJ0332.0-2754
CDGSJ0332.1-2732
CDGSJ0332.1-2742
CDGSJ0332.3-2739
CDGSJ0332.3-2747
CDGSJ0332.3-2754
CDGSJ0332.3-2758
CDGSJ0332.4-2744
CDGSJ0332.5-2739
CDGSJ0332.7-2738
CDGSJ0332.7-2740
CDGSJ0332.7-2742
CDGSJ0332.7-2757
CDGSJ0332.9-2748
CDGSJ0333.1-2748
CDGSJ0333.3-2747
CDGSJ0405.4-4100
CDGSJ0405.5-4058
CDGSJ0431.4+1816
CDGSJ0431.5+1808
CDGSJ0431.6+1813
CDGSJ0453.6+0252
CDGSJ0454.3+0249
CDGSJ0716.7+3739
CDGSJO0717.5+3745
CDGSJ0717.8+3742
CDGSJ0848.6+4453
CDGSJ0848.7+4456
CDGSJ0848.9+4451
CDGSJ0909.9+5429
CDGSJ0910.1+5418

52.83176
52.85365
52.94894
52.95598
52.96053
53.00613
53.0059
53.02453
53.0255
53.03338
53.09517
53.07526
53.08068
53.09403
53.12493
53.14319
53.17741
53.18967
53.19489
53.17506
53.23467
53.29248
53.33663
61.35219
61.39266
67.85462
67.89202
67.91698
73.40989
73.58752
109.18376
109.3804
109.47256
132.15218
132.19945
132.24341
137.483
137.53642

-27.7433
-27.86896
-27.80804
-27.77632

-27.826
-27.69422
-27.77983

-27.9137
-27.54391
-27.71107
-27.66026
-27.78865
-27.90161
-27.96782
-27.73466
-27.65354
-27.63782
-27.68237
-27.70344
-27.95067
-27.80931
-27.81176
-27.79851
-41.00505
-40.98251

18.27123

18.13451

18.23241

2.87452

2.81753
37.66584
37.75535

37.7026
44.89668
44.93707
44.86507
54.48799
54.31626

108
218
399
541
687
858
604
288
193
1136
230
118
850
120
342
796
322
398
562
1403
162
1403
150
1461
149
22548
108
4063
344
2053
241
20841
282
145
1014
327
62672
106

68.5
188.7
193.7
1000.0
79.4
1000.0
1000.0
119.5
226.9
244.3
104.6
72.8
136.3
56.4
270.8
1000.0
274.3
64.5
1000.0
1000.0
54.8
1000.0
185.0
1000.0
719
1000.0
210.6
1000.0
111.1
1000.0
21.5
1000.0
119.9
352
1000.0
133.8
1000.0
149.8

7.5
6.3
10.5
2.9
51.9
9.2
9.3
58.6
12.0
250.2
22
18.3
58.4
6.9
29.4
475
26.9
29.5
96.3
53
14.0
2.8
126.4
1000.0
61.9
24.1
9.7
10.2
36.5
2.0
20.2
1000.0
91.8
342
1000.0
143.9
74.6
112.8

CDFS
CDFS
CDFS
CDFS
CDFS
CDFS
CDFS
CDFS
CDFS
CDFS
CDFS
CDFS
CDFS
CDFS
CDFS
CDFS
CDFS
CDFS
CDFS
CDFS
CDFS
CDFS
CDFS
¢c10405-4100
¢cl0405-4100
LYNDS1551
LYNDS1551
LYNDS1551
Abell520
Abell520
MACSJ0717.5+3745
MACSJ0717.5+3745
MACSJ0717.5+3745
CL0848.6+4453
CL0848.6+4453
CL0848.6+4453
RXJ0910+5422
RXJ0910+5422
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CDGSJ0910.7+5422  137.68701 54.36833 314 123.0 114.2 t RXJ0910+5422
CDGSJ0913.7+4056  138.43929 40.94134 13215 1000.0 1000.0 t IRAS09104+4109
CDGSJ0958.9+0214  149.74396 2.24975 956 1000.0 454 s COSMOS
CDGSJ0959.3+0240  149.83858 2.67495 272 1000.0 2.4 s COSMOS
CDGSJ0959.4+0146  149.85589 1.77027 942 139.2 236.6 s COSMOS
CDGSJ0959.6+0219  149.91985 2.32746 784 1000.0 1000.0 s COSMOS
CDGSJ0959.6+0231  149.92041 2.52074 1244 1000.0 2.4 s COSMOS
CDGSJ1000.4+0158  150.10537 1.98105 3966 1000.0 2.1 s COSMOS
CDGSJ1000.4+0231  150.10274 2.53004 549 186.2 116.8 s COSMOS
CDGSJ1000.5+0147 150.132 1.79925 325 1000.0 5.4 s COSMOS
CDGSJ1000.7+0139  150.19699 1.66044 2267 1000.0 1000.0 s COSMOS
CDGSJ1000.7+0145  150.17922 1.76643 372 98.2 103.4 s COSMOS
CDGSJ1000.7+0149  150.19989 1.82663 476 1000.0 9.2 s COSMOS
CDGSJ1000.8+0205  150.20802 2.08335 1248 1000.0 5.5 s COSMOS
CDGSJ1000.8+0217  150.20636 2.28552 321 1000.0 8.1 s COSMOS
CDGSJ1001.6+0225  150.42374 2.42925 1510 1000.0 1000.0 s COSMOS
CDGSJ1002.0+0213  150.50514 2.22578 621 186.2 116.8 s COSMOS
CDGSJ1033.7+5749  158.43773 57.81968 460 1000.0 151.4 s LH-NW-4
CDGSJ1034.1+5803  158.54239 58.06318 312 1000.0 10.2 s LH-NW-4
CDGSJ1034.9+5730  158.74939 57.50902 471 1000.0 117.4 s LH-NW-4
CDGSJ1035.2+5750  158.80566 57.83778 204 142.7 114.1 s LH-NW-4
CDGSJ1035.3+5750  158.84952 57.84729 156 774 62.5 s LH-NW-4
CDGSJ1035.5+5735  158.88389 57.59573 244 71.9 349 s LH-NW-4
CDGSJ1047.6+5907  161.92058  59.117604 765 261.6 266.5 s SWIRE_LOCKMAN
CDGSJ1113.0-2615 168.2725 -26.26068 1104 1000.0 1000.0 t CLJ1113.1-2615
CDGSJ1119.9-1202  169.98152  -12.04225 659 1000.0 1000.0 t SC1120-1202
CDGSJ1120.1-1205 170.02963  -12.08989 354 131.7 152.5 t SC1120-1202
CDGSJ1120.1-1208 170.03964 -12.1449 481 1000.0 1000.0 t SC1120-1202
CDGSJ1120.2-1158 170.05626  -11.98025 104 17.5 6.9 t SC1120-1202
CDGSJ1120.5+2335  170.13941 23.5994 322 158.7 108.9 t V112142327
CDGSJ1120.9+2326  170.23747 23.44226 1953 1000.0 1000.0 t V112142327
CDGSJ1140.3+6608  175.09318 66.13776 3759 1000.0 1000.0 t MS1137.5+6625
CDGSJ1154.7+2329  178.69521 23.48769 283 1000.0 44 s Al413
CDGSJ1155.0+2331  178.76732 23.52158 345 1000.0 39 s Al1413
CDGSJ1155.5+2327  178.89963 23.45635 2161 1000.0 22 s Al413
CDGSJ1221.4+4918  185.35494 49.30916 2998 1000.0 1000.0 t V122144918
CDGSJ1235.6+6216  188.91027 62.27879 14145 1000.0 18.8 s CDFN

CDGSJ1235.84+6215  188.95056 62.25378 128 51.4 323 s CDFN
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CDGSJ1235.9+6216  188.98423 62.27152 184 160.5 7.7 s CDFN
CDGSJ1236.0+6220  189.02106 62.33708 186 1000.0 333 s CDFN
CDGSJ1236.3+6215  189.07996 62.26444 227 315 28.7 s CDFN
CDGSJ1236.5+6220  189.13708 62.34096 434 1000.0 8.4 s CDFN
CDGSJ1236.8+6228  189.21812 62.46867 2144 1000.0 14.4 s CDFN
CDGSJ1237.1+6208  189.28992 62.14424 107 59.2 9.6 s CDFN
CDGSJ1237.9+6214  189.49188 62.24876 184 66.5 14.0 s CDFN
CDGSJ1237.9+6215  189.48197 62.25312 264 127.0 97.3 s CDFN
CDGSJ1238.1+6212  189.52748 62.21192 146 86.4 48.4 s CDFN
CDGSJ1252.5-2925 193.14291 -29.41758 608 206.4 88.0 s RDCS1252-29
CDGSJ1252.9-2927 193.22845  -29.45474 855 1000.0 1000.0 t RDCS1252-29
CDGSJ1310.1-0309 197.54987 -3.1615 307 144.2 113.1 s MACS1311.0-0311
CDGSJ1311.0-0310  197.75775  -3.177625 10775 1000.0 1000.0 t MACS1311.0-0311
CDGSJ1317.3+2911  199.33881 29.18864 332 148.9 169.6 t RXJ1317.4+2911
CDGSJ1400.7+0249  210.17986 2.81856 148 146.6 37.2 s Abell1835
CDGSJ1401.2+0245  210.31714 2.75371 102 254.5 2.6 s Abell1835
CDGSJ1411.3+5212  212.83748 52.20433 134 44.5 44.8 s 3C295
CDGSJ1411.6+5218  212.90229 52.31348 8938 1000.0 1000.0 t 3C295
CDGSJ1415.1+3612  213.79599 36.20134 1256 1000.0 1000.0 t CLJ1415.1+3612
CDGSJ1415.3+3610  213.83316 36.17355 120 62.5 68.9 s CLJ1415.1+3612
CDGSJ1415.3+5220  213.83484 52.34605 275 167.1 46.2 s EGS6
CDGSJ1416.2+5206  214.06948 52.10036 309 1000.0 2733 s EGS7
CDGSJ1416.4+5227  214.11797 52.45215 150 71.8 40.5 s EGS6
CDGSJ1417.3+5218  214.34016 52.30846 181 196.2 73 s EGS6
CDGSJ1417.3+5235  214.33613 52.59477 133 39.2 16.6 s EGS5
CDGSJ1417.5+5232  214.37745 52.54124 293 1000.0 84.1 s EGS5
CDGSJ1417.5+5238  214.38581 52.63849 536 1000.0 8.6 s EGS5
CDGSJ1417.8+5234  214.47327 52.58095 189 43.8 29.8 s EGS5
CDGSJ1417.8+5241  214.45009 52.69536 616 1000.0 1000.0 s EGS5
CDGSJ1417.9+5245  214.49884 52.76665 235 151.7 8.4 s EGS4
CDGSJ1418.2+5245  214.55343 52.75969 313 295.9 32 s EGS4
CDGSJ1419.1+5259  214.78213 52.99729 51 20.0 4.7 s EGS3
CDGSJ1420.0+5306  215.00476 53.11234 238 53.8 254 s EGS3
CDGSJ1420.5+5250  215.13649 52.83646 116 104.6 19.3 s EGS3
CDGSJ1420.5+5308  215.13708 53.13881 517 122.7 60.3 s EGS3
CDGSJ1446.6+0920  221.67197 9.33669 2674 1000.0 1000.0 s CNOC1447+09
CDGSJ1448.8+0854  222.2233 8.90051 191 74.0 101.0 s DaddiField1

CDGSJ1450.1+0904  222.53779 9.07669 107 50.5 389 s DaddiFieldl
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CDGSJ1450.4+5813  222.6051 58.2219 303 125.3 140.6 s Abell1995
CDGSJ1452.9+5802  223.24437 58.04983 9947 1000.0 1000.0 t Abell1995
CDGSJ1452.9+5810  223.23601 58.18024 274 63.9 62.0 s Abell1995
CDGSJ1453.0+5803  223.2742 58.05255 145 1000.0 2.0 s Abell1995
CDGSJ1539.8+6606  234.95263 66.10981 257 116.5 102.8 s A2125
CDGSJ1539.8+6610  234.95884 66.17221 472 124.0 179.4 s A2125
CDGSJ1540.2+6610  235.07043  66.177681 273 59.7 48.1 s A2125
CDGSJ1541.1+6616  235.29018  66.268994 6800 1000.0 1000.0 t A2125
CDGSJ1541.2+6626  235.30433 66.44255 1178 1000.0 1000.0 s A2125
CDGSJ1636.5+4056  249.12693 40.94775 148 1000.0 15.7 t Elais_N2
CDGSJ1636.6+4107  249.15659 41.13025 192 98.1 103.8 s Elais_N2
CDGSJ1700.6+6412  255.1747 64.215616 14501 1000.0 1000.0 s HS1700+643
CDGSJ1701.0+6412  255.25264 64.20253 1238 1000.0 2.0 s HS1700+643
CDGSJ1701.3+6414  255.34696  64.234245 11003 1000.0 1000.0 t HS1700+643
CDGSJ1702.1+6412  255.5373 64.20566 138 135.7 12.8 s HS1700+643
CDGSJ1930.9-2632 292.7431 -26.54558 268 227.5 57.1 s MACSJ1931.8-2634
CDGSJ1931.0-2638  292.75906  -26.64017 136 251.6 34.7 s MACSJ1931.8-2634
CDGSJ1931.8-2634  292.95665  -26.57598 40747 1000.0 1000.0 t  MACSJ1931.8-2634
CDGSJ2009.2-4826 302.303 -48.4454 4850 1000.0 2.0 s NGC6868
CDGSJ2055.8-0452 313.969 -4.86725 2512 1000.0 50.1 s MS2053.7-0449
CDGSJ2056.2-0441 314.07103 -4.69887 143 164.1 58.7 s MS2053.7-0449
CDGSJ2056.3-0437  314.08778 -4.63001 1803 1000.0 1000.0 t MS2053.7-0449
CDGSJ2150.3-0551 327.59381 -5.85243 4646 1000.0 4.4 s CNOC2150-05
CDGSJ2150.6-0541 327.67156 -5.68453 603 195.4 186.8 s CNOC2150-05
CDGSJ2150.6-0548  327.67231 -5.81633 442 1000.0 3.0 s CNOC2150-05
CDGSJ2150.8-0553  327.72381 -5.88827 1355 1000.0 2.7 s CNOC2150-05
CDGSJ2217.7+0017  334.43468 0.29045 377 52.1 26.9 s SSA22
CDGSJ2217.8+0011  334.46383 0.19622 457 1000.0 6.2 s SSA22
CDGSJ2302.7+0843  345.69947 8.73157 1366 1000.0 1000.0 t H230230
CDGSJ2302.8+0841  345.71766 8.6923 465 1000.0 1000.0 s H230230
CDGSJ2318.5+0034  349.62842 0.56756 1709 1000.0 1000.0 t RCS2318+0034
CDGSJ2341.1-5119  355.29826  -51.32847 1887 1000.0 1000.0 t SPT-CL2341-5119

CDGSJ329.6-211 52421933  -2.1952703 13900 1000.0 1000.0 t  MACSJ0329.6-0211
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2.5 Optical properties

2.5.1 Redshift

CDGS is an X-ray survey for which a spectroscopic follow-up is not available yet. Optical infor-
mation for our extended sources is crucial for determining the nature of the source. Therefore, in
the absence of a optical follow-up, the only available source for redshifts is the literature. We have
performed a literature search to obtain spectroscopic or photometric redshifts for systems in our
sample. A fraction of 38% of sample is represented by systems which were previously identified
as groups or clusters and have an available spectroscopic or photometric redshift. In the Table 3.1,
which represents the list of optically confirmed clusters, we give the redshift found for each sys-
tems together with its reference. In addition to this we give the number of member galaxies used

to estimate the redshift if this is available in the cited result.

2.6 X-ray properties of selected sample

For each cluster candidate in our sample with available redshift, we derived a set of X-ray prop-
erties used to characterize the thermal state (temperature), spatial distribution (surface brightness
profiles, Rs50g) and dynamical state (centroid shift) of its intracluster medium. We use these proper-
ties to investigate the evolution of groups and compare evolutionary trends between systems within
different mass ranges. Knowledge of the state of the intracluster gas is complemented by informa-
tion obtained from other wavelengths imaging, especially optical. Optical redshifts are crucial to
confirm the existance of a cluster while optical imaging gives information about system members

and their interaction with the surrounding intracluster medium.

We have performed spectral and spatial analysis for all systems in our sample in order to char-
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acterize their thermal and spatial properties. Using estimated temperatures we have calculated a
characteristic radius for each system (Rso0). A list of all derived properties is presented in Chapter
2.8. In the process of estimating all X-ray properties, the CIAO (version 4.4) and CALDB (version
5.5) have been used. In addition, all model fitting has been done using SHERPA, which is the

CIAO modelling and fitting application.

2.6.1 Rsg

R500, the radius enclosing a mean density of 500 times the critical density at the system’s redshift,
is estimated iteratively using the observed relation between radius and temperature derived by Sun

et al. (2009) for a sample of 57 low redshift groups and clusters of galaxies:

Teoo 0.53
hE (z)R500 = 0.602 2.6
(2)Rs00 <3keV> , (2.6)
where the evolution factor is
E()=/Qu(l +2°+ Q4 | 2.7)

with 4 = 0.7 for our cosmology, z is the system redshift, and 75qg the gas temperature within Rsq.

Sun et al. (2009) evaluate T5( by creating a three-dimensional temperature profile and integrating
it between 0.15Rsqp and Rsgg. They exclude the inner region of the system in order to remove the
contribution of a CC or a central AGN which would bias the mean temperature towards lower or
higher (respectively) values. In our case we lack the data quality required to create a temperature
profile, so our 75 is derived by fitting a spectrum extracted from within a circle of radius Rj5q,

and is therefore the projected mean temperature within Rsq, including the central region. The only
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case in which we exclude a central region is when we find evidence for the existence of an X-ray
AGN, which can be detected as a point like source in the hard band (2.0-7.0 keV) image of the
system. In that situation, we remove data within a circle enclosing 95% of the counts from a point
spread function at the position of the AGN. Since we include the central region in our spectrum,
the contribution from a CC, if it is present, will bias our temperature downwards. However, the
magnitude of this bias has been shown to be at the 4-5% level for both groups and clusters (Osmond

& Ponman 2004; Pratt et al. 2009), which is much smaller that our statistical errors of ~20%.

Evaluation of Rs( involves an iterative procedure. A first estimate of 75 is derived by fitting a
spectrum extracted from a region equivalent to the source detection region. This temperature is
used to calculate Rsoy which provides the extraction radius for a new spectrum, from which we

derive a new temperature. The process is then repeated until convergence.

2.6.2 X-ray estimated gas temperatures

To obtain the mean temperature of the gas within Rsgy for each system in the sample, we have
fitted the X-ray spectrum extracted within a circular region with radius equal to Rsgg centred on
the source position with a model formed of two main components: one component to account for
the source contribution to the whole spectrum and the other one for the background contribution.
We decide on modelling the background emission instead of subtracting it because it allows us to
use Cash statistics (Cash 1979) in our fitting process, which has been shown to be a less biased
statistics than y> Humphrey et al. (2009). Cash statistics can be applied only to Poisson distributed
data, condition which is not satisfied in the case of background subtracted data due to the possible

negative value for the number of counts obtained as a result of background subtraction.

The background X-ray emission and its origin has been the object of several studies using ROSAT,

XMM-Newton and Chandra observatory. It has been showed that the background emission is
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not due to a single source but it represents the added contribution of several components: an

extragalactic, galactic, particle and instrumental component.

The extragalactic background is highly isotropic on large angular scale (Markevitch et al. 2003).
As its name suggests, its origin is the integrated emission from unresolved extragalactic X-ray
sources, with main contribution thought to be from absorbed and unabsorbed AGNs (Gilli et al.
2007). The shape and normalization of the extragalactic background has been found to be very
stable and it can be modelled by a power law with a spectral index of 1.41 (De Luca & Molendi

2004), 1.46 (Chen et al. 1997) and 1.5 (Hickox & Markevitch 2006).

In contrast to the extragalactic background which is uniform, the galactic background presents
spectral and spatial variations. It’s dominating flux is in the soft part of the spectrum, at energies
of about 1 keV and its origin and best model to characterize it is still a subject of research. Three
sources that contribute to the galactic background emission are: the X-ray emission from the hot
gas within the Galactic Halo (Snowden et al. 1998; Henley et al. 2010), Galactic disk (Snowden
et al. 2008) and Local Hot Bubble (LHB; Snowden et al. (1998)), which is a region of hot plasma
surrounding the Sun. This background varies from field to field due to large scale spatial structure
and varying amounts of absorption and Lumb et al. (2002) showed that a variation in its intensity
of up to 35% can be expected. Each of these these three thermal components are usually modelled
by thermal plasma models with zero redshift and cosmic abundances (Henley et al. 2010; Lumb
et al. 2002). Only the LHB component is unabsorbed, while the other two are affected by galactic

absorption.

In addition to the background due to cosmic sources (extragalactic and galactic), there is the back-
ground X-ray emission produced by highly charged particles which interact with the telescope
and its components. This background is due to the interaction of the particles directly with the

CCDs (particle background) or with various components of the satellite (fluorescent X-ray back-
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ground). The particle background includes a time variable component due to low energy particles

(soft protons) and a quiescent component due to high energy particles.

The particle background due to soft protons is temporally and spatially variable with short in-
creases in flux intensities by up to 40% with respect to the average value (Markevitch 2002). This
property can be used to remove their contribution by looking for short variations in flux inten-
sity during a particular observation and eliminate these periods of time. This method, called flare
cleaning has been described in the Data Reduction chapter. As mentioned there, because some
flares may have very low amplitude or the variability of the flare to be longer than the time of
the observation, not all flares are always completely filtered from the background and a level of
contamination might exist. The contribution of residual flares can be modelled using a power law
which is not convolved through telescope’s response because energetic particles interacts directly

with the telescope’s CCD and they are not reflected by its mirrors Markevitch et al. (2003).

The quiescent background has been showed to have a temporal and spectral stability. Is the dom-
inant component of the total background above 2 keV (Kuntz & Snowden 2008; Snowden et al.
2008) and can be 25 times larger than the extragalactic background. It is modelled with a broken

power law which is not convolved through instrumental response.

Spectral signature of the flaring background is line emission from fluorescent X-ray photons gen-
erated by the interaction of charged particles with the telescope’s components. It can be modelled

by several Gaussians, with very small width position known from calibrations tests.

Because of the contribution from all background components that have been previously discussed,
the overall model we have used to account for the background flux in our extracted spectrum
is a very complex one. A proper modelling of the background is crucial especially for sources
with a low number of counts, like groups, for which its contribution is dominant compared to the

source flux contribution. In our background model we have included several components for the:
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extragalactic, Galactic, particle and instrumental background.

For the extragalactic component we use a power law model with the value of the power law index
fixed at 1.4. Galactic emission is modelled by two thermal plasma models one for the Local Hot
Bubble and an absorbed one for the Galactic halo. The redshift and abundances have been frozen to
0 and solar, respectively. The background due to high energy quiescent particles is modelled by a
broken power law which is not convolved with the detector response. For fluorescent background
we use 4 Gaussians to model the strongest instrumental lines: Al-Ko (1.49 keV), Si-Ko (1.74
keV), Au-Ma (2.11 keV) and Mn-Ka (5.89 keV). We do not include any component for the soft
proton background because we have removed the contribution of soft particle background during

flare cleaning and we assume that there is no flare left in our observation.

The left panel in Figure 2.17 shows an example of a background spectrum extracted from the whole
chip excluding sources for one of our fields and the result obtained by fitting our background model
to this spectrum. Data points are showed in black while the fitted model is showed in red. The
right panel shows the individual components of the background model, each of them plotted in
different colour: red for the quiescent particle background, yellow for instrumental lines, green for
the extragalactic component, blue for the LHB and magenta for the Galactic Halo. When looking
at all individual components, it can be seen that particle background is the dominant one over

almost the entire spectral range.

We model the contribution from the source with a an absorbed thermal plasma model (APEC), in
which the redshift and the abundance are fixed at the known literature value and 0.3 (Mushotzky &
Loewenstein 1997) respectively. Also we fix the absorbing column at the Galactic value (Dickey

& Lockman 1990).

In our fitting procedure, we first extract a background spectrum in the 0.5-7.0 keV band from

the whole chip, excluding any detected sources and a background plus source spectrum from a
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Figure 2.17: Left panel: Background spectrum (black points in upper panel) extracted from the

entire field of view (excluding sources) of an observation in which a cluster has been detected.

The red curve represents the complex background model used to fit the data and the lower panel

shows the residuals (data - model) obtained as a result of the fitting. Right panel: Black points

represent the same spectrum as in the left hand side panel, but now the individual components of

the complex background model are showed with different colours.
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circular region with radius equal to Rsqo centred on the position of the cluster. For cases in which
multiple observations of the same system exists, we extract corresponding spectra for background
and source plus background from each individual images, as previously described. All spectra
are then merged to create the spectra used for our model fitting. Corresponding weighted merged

response files are also created.

When fitting the source plus background model, the only components we allow to fit are: the
thermal plasma normalization and temperature for the source model. For the background model,
all components are kept frozen at the value obtained from the background fit with the exception of
the Gaussian lines whose normalizations are let free to allow for any chip to chip variation in their
intensity. We also add and let free to fit a scale constant for the background normalization which
allow for variations of the particle background across the chip. Although the particle background

is fairly constant, variations in its intensity has been observed at 10% level.

Figure 2.18 shows the results obtained by fitting a source plus background model to the spectra ex-
tracted for one source from our sample. In the upper left panel black points represent the spectrum
which we fit with a complex model (red curve) represented by the addition of an absorbed thermal
plasma component, to model cluster emission, and a background model. Black points in the lower
panel show the residuals obtained after fitting the model to the data. The right hand side panel
of the Figure contains the same information as left hand side one, with the addition of the green
and blue curves which represent the extragalactic background and respectively the sum of the rest
of all background components discussed in this subchapter and represented in the right hand side
panel of Figure 2.17. As it can be seen from right hand side panel of Figure 2.18, for this particular
source, there is little emission from the source above the background level. This accentuates the
importance of a proper background modeling especially for sources with a low number of counts.
Given the high number of counts in the background, which varies between ~ 10* and ~ 2 x 10°

counts, with a mean of ~ 6 x 10* counts, we can get a good approximation of the background as a
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Figure 2.18: Left panel: Spectrum extracted for a system included in the CDGS sample (black
points in upper panel), the model used to fit the data to get an estimate of the source’s temperature
(red curve) and the residuals obtained as a result of the model fit to the data (black points in the
lower panel) The model is obtained by addition of an absorbed thermal plasma model to approx-
imate the source emission and a complex background model formed of multiple components (see
also right panel of Figure 2.17). Right panel: Black symbols and red curve have the same meaning
as in the left panel. The green curve represents the extragalactic background component, while the

green curve represent the sum of all other components used to model the background emission.

result of our background model fitting (see also 2.17).

2.6.3 Surface brightness profiles

Surface brightness profiles has been extracted for each system from the exposure corrected image
of the source which has a bin size of one pixel (0.49 arcseconds). Each point in the distribution of

surface brightness as a function of radius is calculated from an annulus centred on the X-ray peak
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emission and with the difference between the outer and inner radius equal to one pixel. The maxi-

mum outer radius equals to 2.5Rsqy, where Rso has been calculated as described in Section 2.6.1.

The surface brightness distribution has been approximated with a two dimensional beta function

(Cavaliere & Fusco-Femiano 1976), which has the form:
S(r) = So(1+(r/re)?) P+ 4 (2.8)

where So, . and C are the central surface brightness, core radius and the background constant,

respectively.

The model is convolved with the exposure map, to allow for variations in exposure and effective
area, and with the source PSF and fit to the data using the Cash statistics. We get first an estimate
of the background by calculating the mean number of counts in the image, within an annulus with
inner radius of 2R50g and 2.5Rsq9. The value obtained, normalized by the area of the annulus, is
used as an initial guess for the value of C in the beta fit model. The final value for the background
level is obtained by fitting a model represented by a constant to the image within a region between
2R500 and 2.5R500. This constant is allowed to vary within 10% of our initial guess for the back-
ground. This represents the final value of C in the beta model, which will be frozen during the rest
of the fit which will be done for the entire 0-2.5R5(o region. We start by fitting the amplitude of
the model, while the background is frozen, the slope is frozen at the value of 0.6, a typical value
for the slope of low redshift clusters and the core radius is frozen at a value of 0.105R5q9, which
represent the typical core radius for low redshift clusters of galaxies (Helsdon & Ponman 2000).
In the following steps the value of 8 and core radius are let to adujst, one at the time, while at the
end the background level is let to adjust, while keeping the normalization, slope and core radius

fixed.



124 Chapter 2 Chandra Deep Group Survey

Surface brightness (counts/pixel)

Residuals(sigma) o

Radius (pixels)

Figure 2.19: An example of the surface brightness profile extraction method and beta model fit
obtained for one system from our sample. Left: X-ray exposure corrected image of the cluster.
The total number of counts, including background counts, extracted from each annulus represent
a data point in the radial surface brightness profile. The difference between the inner and outer
radius of each annulus is one pixel, but we choose to display a lower number of annuli for better
visualization. Contaminated sources, which are marked with green ellipses, are excluded when
creating the profile. Regions corresponding to gaps between chips, marked by green lines, are also
excluded. Right: extracted surface brightness profile (black points) and the beta model fit to the
data (red line). Residuals of the beta model fit are showed in the bottom panel. The dotted black

horizontal line marks the background level.
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2.6.4 Bipec

It represents the ratio of the specific energy of galaxies to the specific energy of the gas (Mulchaey

2000):

o2

kT /(1mp)

where o is the galaxy velocity dispersion, kp is the Boltzman constant, T is the gas temperature,

Bspec —

p is the mean molecular weight of the gas and m,, is the proton mass. If clusters are isothermal
and in hydrostatic equilibrium, then a value of 1 is expected for the f;,.. parameter. Moreover, the
value of this parameter should be equal with the surface brightness profile slope derived by fitting

a beta model to the observed gas distribution.

2.6.5 X-ray peak position

The position of the peak in the X-ray surface brightness distribution is determined in an iterative
mode from the exposure corrected image corresponding to each system. In the first step, we have
smoothed the image with a gaussian with sigma of 15 pixels and determined the peak position.
In the following steps, we start each time from the original image and smooth it with sigma with
sizes decreasing from 15 to 7, 5, 3, 2 and 1 pixels. At each step, the peak value is calculated
in the proximity of the peak position found in the previous step. This method has been found to
be less sensitive to random noise, and for cases in which the system has a flat surface brightness
distribution, with no obvious peak, the position of the peak coincides or is very close to that of the

centroid.
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2.6.6 Centroid variance

One parameter often used in the literature to characterize the dynamical state of a clusters and
the presence of substructure is the centroid variance. It quantifies how much the centroid of the
surface brightness within different annuli centred on the X-ray peak is moving compared to the
peak position. We have calculated the centroid variance following the method described by Poole
et al. (2006). Therefore, we have calculated the centroid positions for a series of concentric annuli
centred on the X-ray peak and with increasing size radii with a step equal to 0.01R5¢. For a range
of centroid offsets from the peak coordinates O;, the mean offset O is calculated. Then, the centroid

variance, w, is then given by:

Yi(0—0;)?
N-—-1

For each system, the centroid variance is scaled with the system’s Rs.

w =

2.6.7 Centroid shift

Centroid shift is also used as a parameter that can describe the dynamical state of a system. It is
defined as the offset between the position of the X-ray centroid and that of the X-ray peak. The
position of the centroid is determined iteratively. We start by calculating the position of the centroid
in a circle with the size of the radius of 200 kpc and centred on the X-ray peak position. Then,
at each step, the centre of the circle within which the new centroid is calculate is represented by
the centroid position calculated at the previous step. Also, the distance between the new centroid
position and the one obtained at the previous step is calculated. This procedure is repeated until

the calculated distance between offsets is less than 4 pixels.
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2.6.8 Error estimation

All uncertainties stated in Table 3.2 represent 68% confidence interval. This subsection gives a

short description on how the errors for each parameter has been estimated.

Errors on properties obtained directly from fits to the spectra or surface brightness profiles are
estimated during the Sherpa fit using the confidence function. The confidence method estimates
errors by allowing the parameter for which the error is calculated to vary along a grid of values
and calculates the fit statistic for each new fitted value. During each new fit, all the other thawed
model parameters are allowed to change their value to a new best fit value. The confidence limits
for the fitted parameter, in the case of Cash and chi-squared distribution, is defined as the value of
the parameter for which the difference between the fit statistics on one of the points on the grid and
the best fit statistics equals the quare of the standard deviation wanted for the confidence interval:
02 = Stat — Stat,i,. For example, for a 1.6 standard deviation, a change in fit statistics of 2.56 is

required. For a log-likelihood statistics, 6> ~ 2(Stat — Stat,,)

Errors on quantities obtained based on complex formule like cooling time and entropy are esti-
mated using the Monte Carlo method to propagate the errors. If one assumes that the quantity
for which the uncertainty is measured (Y = f(X)) depends on N parameters: X = (x,x2,...,xn),
each of them with a different distribution function (g), then to calculate the uncertainty in Y, the
distribution function of Y has to be obtained. Based on this distribution, uncertainty intervals can
be defined. The idea of Monte Carlo method is illustrated in Figure 2.20. This Figure shows that,
given the distribution of input parameters, g(x;),g(x2),g(x3), by caluculating the model for various
sets of parameters sampled from these distributions, a distrubution function for Y can be obtained.

The steps followed to get error estimates are:

 Select N number of Monte Carlo simulations (usually N=1000)
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Figure 2.20: Illustration of the Monte Carlo method used to propagate the errors.

* Generate N samples corresponding to each input quantity (which is a parameter obtained
from the spectral or surface brightess model), assuming that the distribution of each quantity
is Gaussian with mean equal to the best fitted value and standard deviation equal to the

uncertainty interval obtained for the respective parameter from the fit
* Evaluate the model for each generated sample

* Estimate the incertitude for our complex parameter as the standard deviation of the generated

distribution

2.7 Catalogue of confirmed clusters

The full catalogue of confirmed clusters together with their optical and estimated X-ray properties

is presented in Chapter 3, in Table 3.1 and Table 3.2.
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Figure 2.21: Left: Distribution of exposure time for all 426 individual observations used by CDGS.
Right: Distribution of total exposure time for all fields (merged individual observations with sim-
ilar pointings) used by CDGS to search for extended sources. All exposure times corresponds to

periods of time left after background flare filtering.

2.8 Survey statistics

CDGS is a search for high redshift serendipitous groups of galaxies in Chandra archival data. We
have searched for extended sources over an area of 9.6 deg2 obtained from 66 fields, each with
a total exposure time greater than 70 ks that. Figure 2.10 shows the distribution on the sky, in
galactic coordinates, of the fields used in our survey. In Table 2.2 are listed for each field used in
the survey, the position on the sky of the field, the total exposure time after filtering for particle

background (see Section 2.3.1) and the area covered.

Figure 2.21 shows the distribution of exposure time of all 426 individual observations (left panel)
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and for total exposure of fields obtained by merging individual observations with similar pointings
(right panel). The shape of these distributions is the result of one of our constraints applied for the
selection of fields, according to which only fields with a total exposure time of more than 70 ks
are included in our survey. From the left hand panel we can see that even if the lower limit for the
merged field is 70 ks, most individual observations have an exposure time below 50 ks. The largest
exposure time reached during a single pointing is 170 ks. It is clear from this that the merging of
individual observations with similar pontings is necessary to reach a very deep exposure needed
to detect high redshift groups (see also Figure 2.5). In the right hand side panel we can see that
although the distribution of total exposure time of individual fields extends up to 4 Ms, most fields
have an exposure time close to our adopted limit. The mean and median exposures are of 309
ks and 105 ks. The four outliers with very large exposure times represent four different X-ray
surveys in their self: C-OSMOS, CDF-N (Brandt et al. 2002), E-CDFS (Castellano et al. 2011)
and AEGIS-X (Laird et al. 2009).

To detect a significant number of high redshift sources, a deep wide area is desirable for our survey.
Figure 2.22 represents a plot of the cumulative area of our survey as a function of exposure time.
This shows that half of our area has exposures below 70 ks and a very limited amount of area of
approximatively 10 % is covered with an exposure of more than 200 ks. This distribution gives us
an indication about the fraction of high redshift systems in our sample detected in deep exposures,
which is expected to be much lower compared to the large majority that will come from the larger

and shallower area of the survey.

We have searched all fields included in our survey for extended sources with at least 100 counts,
a lower count limit required in order to be able to perform spectral and spatial analysis of each
detected source. Using the vtpdetect tool from CIAO and an extension test that quantifies the
source surface brightness excess compared to that of a point source represented by the PSF, we

found a number of 162 cluster candidates. A catalogue of extended sources detected in the survey
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Figure 2.22: Cumulative area covered by CDGS as a function of exposure time for all 66 fields

used in the survey.

has been presented in Table 2.3. We note that the target of the observation is included in our
sample if this is a group or cluster with a redshift greater than 0.3. Fields in which the target is a
low redshift cluster or group are excluded because of the large contamination from the target which
occupies a large region of the field and therefore does not allow us to detect serendipitous sources.
The cases in which we search for extended sources in fields with a low redshift group/cluster as a
target are those for which the overlap between observations that are part of the field is not very large
and therefore there is an area uncontaminated by the target which can be searched for serendipitous

sources.

Since we search for extended sources in the fields composed of overlapping observations, any
detected source might have different positions in the field of view, depending on the number of
individual observations in which the source is detected and the geometry of the field. Figure 2.23

shows the distribution of the off-axis angles for all extended sources found in our survey. For each



132 Chapter 2 Chandra Deep Group Survey

300+

200+

Count

100+

0 ' 10 15
Off-axis angle (arcminutes)
Figure 2.23: Distribution of off-axis angles for all extended sources (listed in Table 2.3) detected in
CDGS. For each source detected in a field which has two or more overlapping observations there
is an off-axis angle corresponding to each individual observation in which the source is detected.
Therefore, for these cases more than one off-axis angle for each source is considered when plotting

the histogram.

source, the off-axis angle is determined for each observation in which it is detected. Therefore,
for the same source, multiple off-axis angles will be taken into account when constructing the
histogram. The two vertical dashed lines delimits the histogram in three parts: on-axis sources
(off-axis angles lower than 5 arcminutes), intermediate off-axis (off-axis angles between 5 and 10
arcminutes) and large off-axis sources (off-axis angles larger than 10 arcminutes). We can see that
the large majority of sources are at intermediate of-axis angles, position on the chip where the size
of the PSF, calculated as 90% enclosed energy fraction, is about 2 arcseconds. This PSF radius is
significantly smaller than the radius at large off-axis angles, which is about 5 times larger (see also

Figure 2.11).
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Visual inspection of X-ray images, the distribution of the surface brightness profile compared
with the distribution of the PSF and where it was possible, an inspection of a matching optical
image has been done to confirm the existence of extended emission which can be associated to
an optical galaxy overdensity. In addition, literature information has been used, where possible,
to confirm the nature of a CDGS system. To confirm that an almost point-like source is an AGN
using literature catalogues of known AGNSs, we have matched the position of our source against
those form AGN catalogues using a match radius of 10 arcseconds. Only in cases where there
is a single match found within this radius and there is no other contaminating source in the X-
ray image, the system is classified as an AGN. The same method has been applied to groups and
clusters, but with a larger radius of 2 arcminutes. If we assume that a low redshif cluster has a
Rs00 radius of 500 kpc, the maching radius chosen is 0.5Rs50g, which is about 2 arcminutes. Of
course that for high redshift systems this radius will correspond to a larger fraction of Rsog than
0.5. If more than one match is found for a source, the best match is chosen as the source’s optical
counterpart and its redshift will be assigned to the CDGS source. We mention that the matching
with literature cluster catalogues is done only for those catalogues which contain a redshift already
compiled from redshifts of individual cluster members. Since the redshift used for systems from
CDGS sample has been compiled by different authors, we present in Table 3.1 besides the redshift,
the study from which the redshift has been taken and the number of galaxies used by the authors
to estimate the redshift. For some systems, if the authors have assigned a name to the cluster, this

name is included in the Table.

Out of 166 candidates, 15 were found to be spurious detections (e.g. double sources, bright stars),
45 were bright AGNs or quasars and 5 sources showed signs of extension but their flux were
dominated by a bright AGN. Therefore our list of potential clusters had been reduced to 101. We
note that our sample of confirmed systems contains serendipitous sources as well as the target of

the observation, if this is a group or cluster with a redshift greater than 0.3.
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To confirm the presence of a cluster or group, a literature search for redshifts has been performed.
As a result of our literature search, 62 systems are confirmed groups or clusters with an available
spectroscopic redshift (including photometric or spectroscopic). An X-ray spatial and spectral
analysis has been done for each source in our sample of confirmed clusters. For each source, sur-
face brightness profiles had been fitted with single beta models, while the temperature of the system
had been estimated from their spectra by fitting thermal plasma models. The redshift and temper-
ature distribution for the 62 confirmed groups or clusters with available redshifts is presented in
Figure 2.24 in the left respectively right panels. The red histogram in each panel represent the
entire sample of 62 systems, while the purple histogram is a subset of it, which contains only

serendipitous sources.

The redshift distribution shows the wide range in redshifts covered by our survey, with the highest
redshift being 1.27 and the mean redshift of 0.53 and a peak at 0.25. One thing that can be noticed is
the lack of very low redshift systems which is due to the way in which we had selected our sample
by excluding observations in which the target is a low redshift cluster that occupies a significant
fraction of the field of view. Comparing the distribution of serendipitous sources with that of the
total sample, it is evident from the histogram that most serendipitous sources had been detected
at low redshifts of about 0.2. A second, although much smaller peak in the distribution is seen at
redshift of about 0.7. The effect of this smaller peak on the distribution of serendipitous sources is

to shift its mean towards a higher value of 0.47.

Temperature estimates has been obtained for each system with redshifts available in the literature
and are listed in Table3.2. The large majority of systems in our sample are formed of clusters of
galaxies with a a mean in the temperature distribution of 4 keV. On the other hand, if we look
only at the distribution of serendipitous sources, we can see that most of them are groups, with
a mean temperature of 2.6 keV. This histogram, together with the one in the left hand side panel,

clearly show that target systems included in our sample is represented by a class of massive clusters
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Figure 2.24: Redshift (left hand side panel) and temperature (right hand side panel) histograms for
the sample of optically confirmed systems. Red histogram in both cases corresponds to all systems

with redshifts (spectroscopic plus photometric). The distribution of redshifts and temperatures for

the subsample of serendipitous sources is plotted in purple.
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at intermediate (z=0.5) to high redshifts. The redshift distribution of temperatures derived for
all systems with a spectroscopic and photometric redshift is showed in Figure 3.6 presented in
Chapter 3. This shows that most of the groups detected in our survey are at low redshifts, below

0.5.

2.9 Discussion and conclusions

In this main thesis chapter we have described the survey we have conducted to search for groups of
galaxies up to high redshifts, using deepest observations from Chandra archive. We have presented
our survey strategy which takes into account the area covered, the minimum number of counts
required for a source to be selected in our sample and the depth of the survey. We have constructed
our search area based on 426 individual observations from the archive, which has been merged
into 66 fields with a minimum total exposure time of 70 ks. We have chosen a threshold of 100
counts for a source which has been classified as extended to be part of our final catalogue. All these

requirements has been imposed to construct a sample suitable for our scientific investigations.

With a total area of 9.6 deg?, CDGS is one of the largest archival survey performed with Chan-
dra(see also Figure 1.11 and Table 1.1 from Section 1.7 in the Introduction chapter in which we
have presented some of the main surveys performed with Chandra, XMM and ROSAT). Two other
surveys based on archival data has been reported in the literature: ChaMP Barkhouse et al. (2006)
and the one in Boschin (2002). Whith respect to the total area covered, CDGS is intermediate
between these two surveys: ChaMP covers an area of 13 deg? and the one of Boschin 5.5 deg?. A
more indepth comparison with these two surveys will be presented later in this section. Compared
to Chandra contiguous surveys, which are very deep but also very narrow surveys with an area
below 1 deg? , CDGS is significantly larger. This is an obvious consequence of the fact that all

these deep surveys, like CDF-N, CDF-S, AEGIS-X, C-COSMOS are included in the data archive
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and therefore represent a part of our survey.

In comparison with XMM or ROSAT serendipitous surveys, CDGS is significantly smaller. For
example, XCS - an XMM serendipitous survey, which uses all XMM archive to search for clusters,
covers an area about 40 times larger. A similar area to that of the XCS is covered by 400d sur-
vey, which is the largest ROSAT archival survey. One factor which contributes to this difference
between Chandra and ROSAT or XMM archival surveys is the much larger field of view of ROSAT

and XMM compared to that of Chandra (see also Table 2.1).

In addition to a large area, a deep exposure is required for our survey to detect systems at high
redshifts. From the point of view of depth, CDGS is a heterogeneous survey with a very wide
range in exposures from 10 ks to 4 Ms (see Figure 2.6). Although this range is very wide, most of
the area is covered with low to medium exposures, with 90% covered by exposures below 200 ks.
For these exposures, we have showed in Figure 2.5 that we are sensitive to groups of galaxies up

to a redshift of 0.6.

We have used a detection algorithm based on a Voronoi tesselation algorithm to search for clusters.
Each detected system with at least 100 counts is tested for extension compared to the Chandra
PSF and our list of extended sources contains 162 systems. Out of these, 45 are AGNs, 15 are
spurious (e.g. bright stars or double sources) and 5 are extended sources dominated by a central
AGN. Without an spectroscopic follow-up, which is not available for CDGS yet, we rely only
on spectroscopic and photometric redshifts available from literature. The effect of this is that the
subsample of spectroscopically confirmed clusters represent a small fraction of the entire sample

of potential clusters.

Our catalogue of confirmed clusters contains 62 systems and represent only about 64% from our
reduced list of extended sources of 97 systems. This suggest the importance for an optical follow-

up to confirm the rest of extended sources.
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For all confirmed members, we have performed a spectral and spatial analysis. Our systems are
mainly clusters with temperatures of about 4 keV and redshifts of 0.6. We have mentioned that our
sample includes serendipitous sources as well as targets of the observations. This will introduce a
bias in our sample, because we are adding systems chosen to be observed because of their peculiar
properties. The effect of this bias on the sample would be hard to be quantified since it depends
on the scientific interest for which the target has been observed by the principal investigator of
an observation. If we consider only serendipitous sources, the mean redshift is 0.47 and median
0.44. The mean and median temperature is 2.5. We have found that 42% of the entire sample with
available redshifts is represented by groups, while the number of serendipitous groups is 22 with a
mean and median redshift of 0.4 for all groups and 0.3 for serendipitous. A very small number (5)

of high redshift (z>0.5) serendipitous groups has been detected.

If we compare our sample with the predictions calculated in Section 2.1 we found a much lower
number of systems compared to our predictions. For example, we predicted a number of 149
groups at redshifts > 0.1 and we found only 26 out of which 22 are serendipitous. One causes
which might be responsible for this discrepancy (we stress again that we rely only on redshifts
available from literature), the number of systems is much underestimated compared to the one
calculated for the entire area surveyed. From the multiple causes which might contribute to the
observed discrepancy we mention a few. One of it is the fact that the number of predicted systems
is overestimated. This is because we have assumed for our calculation that we have an 100%
detection rate. We know that the detection of a source is affected by factors like source size,
background and position on the chip. This might be also a case for a reduction in number of
sources detected. To estimate the number of sources missed, a proper knowledge of the selection
function of the survey is needed. Other thing might be the fact that we have assumed a luminosity
function which does not evolve with redshift. We can not estimate how an evolving function would

bias the number of predicted systems would be, until there is a consensus about the evolution of
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luminosity function.

We also compare our results with those of Barkhouse et al. (2006) and Boschin (2002), which are
Chandra archival surveys, similar to CDGS. A better comparison can be done with the catalogue
from Barkhouse et al. (2006) since this contains information about the source redshifts from their
spectroscopic follow-up, while the sample from Boschin (2002) does not have any optical informa-
tion. The total number of confirmed clusters in CDGS (62) is double than the number of optically
confirmed clusters from Barkhouse et al. (2006) (31), although the area c