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“A mathematician may say anything he pleases, but a physicist must be at least partially sane.” -

J. Willard Gibbs



ABSTRACT

In this thesis, we observe a sample of 38 galaxy clusters drawn with 0.1 < z < 1 from the
XMM Cluster Survey in order to study scaling relations and their evolution. The two scaling
relations discussed are the velocity dispersion—temperature (o,—7%) and the mass—temperature

relation (M — T).

We measure the evolution of the o,—1% for our sample using an orthogonal regression method.
This work improves upon previous studies by the use of a homogeneous cluster sample and in
terms of the number of high redshift clusters included. We present here new redshift and velocity
dispersion measurements for 12 z > 0.5 clusters observed with the GMOS instruments on the
Gemini telescopes. We find that the slope of the relation is steeper than that expected if clusters
were self-similar, and that the evolution of the normalisation is slightly negative, but not signifi-
cantly different from zero (o, oc 70862014 () =0:3720:33) "We verify our results by applying our
methods to cosmological hydrodynamical simulations. The lack of evolution seen in our data is

consistent with simulations that include both feedback and radiative cooling.

Since we find no evidence of evolution in the o,—7x relation, and the dynamical mass of the
cluster is dependent on o we can conclude that the M — T’y relation is not evolving. We measure

the M®" — Tx relation for our sample using two methods, an orthogonal regression method



il

and a Bayesian Gaussian mixture model fitting method, and find a slope of My oc Tx**037

1.11+0.97
and M500 0.6 TX

, respectively. The expected relation from the self-similar model is
Ms00 o< T5°. Although both our fit results are within 30 of the expected result, the orthogo-
nal method slope is steeper than expected and the Gaussian mixture model fitting method gives a
shallower than expected slope. We tested the effectiveness of retrieving a fit from a simulated set
of data and found the Gaussian mixture model fitting method to provide a more consistent and re-
liable result in comparison to the orthogonal method. However, we also found that the steepness
of the slope for the orthogonal method is biased high when there is large scatter in the data. The
Gaussian mixture model data over-estimates the scatter and therefore in low scatter systems, the
slope is under-estimated. The fit for our M/ — T'x relation was compared to the small population
of previous studies and was found to be consistent within 30. However, all previous methods
fitted their relation using a hydrostatic mass which requires the assumption that the clusters are

in hydrostatic equilibrium. A comparison between hydrostatic and dynamical masses is given

and the hydrostatic mass bias is discussed.

In order to gain further knowledge about galaxy clusters we consider what information the
radio wavelength can provide. The presence of diffuse radio emission, in the form of radio ha-
los, radio relics and mini halos, has been linked to cluster mergers but the exact model for its
origin is still not understood. Two competing models exist, but studies of galaxy clusters seem
to be more in favour of the primary electron model rather than the hadronic model. Since the
presence of a merger will have an effect on the properties of a galaxy cluster, we considered how
they will change the known scaling relations. Although literature provides a change in the X-ray
luminosity relation, the effect on the o,—7x relation has not been studied. To gain some insight
into this we compare the position of a sample of clusters with and without radio halos, which are
traces of a merger, on the o,—7x plane. We find no obvious population difference but a larger,

homogeneous sample will be required to validate this result.
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We also provide 3 new VLA observations for galaxy clusters from our XCS sample as part of
a pilot project to search for radio halos in low mass clusters. Due to an insufficient observation
time and corrupted data, the images we obtain have a high rms noise, and no detection of a radio
halo is found. The expected average size of a radio halo is 1 Mpc but we discuss the correlation
between the radio halo size and the cluster mass. To see if it has an effect on radio power and
detections we simulate radio halos of two different sizes, 400 kpc and 1 Mpc. We determine
power upper limit estimates at the 3o level for our 3 clusters, with radio halo sizes of 400 kpc,
of: Piygr. < 1.67 x 10** W Hz! in XMMXCS J111515.6+531949.5, Py 4gp. < 4.15 x 10*
W Hz~! in XMMXCS J104044.4+395710.4, and P; 455. < 5.88 x 102> W Hz™! in XMMXCS
J151618.6+000531.3. We compare the positions of our upper limit estimates, to other known
radio halo detections and upper limits, on the P, 4qgu, — Lx and P 4gn, — Ms00 plane. Using
the reduced simulated halo size, our radio power upper limits are decreased by a factor of 2~10.
Although, our upper limits still do not rule out the presence of a radio halo at this smaller size, it

does bring into question the accepted method for calculating radio halo upper limits.

The results obtained in this thesis have provided us with more knowledge of scaling relations
of galaxy clusters but has also shown us how much there is still left unknown. Further spec-
troscopic observations of galaxy clusters will allow us to increase our sample size and further
constrain the o,—7% and M — T’y relation. Radio observations of a large homogeneous selected
sample of galaxy clusters will allow us to further investigate the presence of radio halos and their

effect on scaling relations.
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CHAPTER 1

INTRODUCTION

Clusters of galaxies are the largest coherent gravitationally bound objects in our Universe. By
studying galaxy clusters, information can be gained about the formation of galaxies, and the
effect of ongoing galaxy processes on the intracluster medium (ICM) such as Active Galactic
Nuclei (AGN) feedback. They can also be used as a probe of cosmology by studying the evo-
lution of their number density with mass and redshift (e.g., |Vikhlinin et al., |2009; Hasselfield
et al., [2013]; Reichardt et al., 2013} Planck Collaboration et al., 2015). However, the mass of
galaxy clusters is not a quantity that can be directly measured, and therefore it needs to be deter-
mined using observable mass tracers such as X-ray properties, e.g., luminosity and temperature
(Boldt et al.|[1966; Sarazin/[1988; Edge and Stewart| 1991}, Ebeling et al.||{1996; White et al. 1997}
Bryan and Norman|/1998; Reiprich and Bohringer|2002; Ebeling et al.[2007; [Finoguenov et al.
2007 Fassbender et al.|2011}; |Giodini et al.|2013; [Rozo et al.|2014}; [Lovisari et al.|2015]; Section
[1.3.2), the Sunyaev-Zel’dovich (SZ) effect signal (Sunyaev and Zeldovich|[1970b; [Sunyaev and
Zeldovich||1972;Birkinshaw|1999; Holder et al. [2000; [Patel et al.[|2000;Motl et al. [2005;Bona-
mente et al.[|2008; Planck Collaboration et al.|2016b, Section , and optical properties, such
as richness and the line-of-sight velocity dispersion of member galaxies, as discussed in Section

[1.3.1] (Abell|[1958; Zwicky et al|[1968; [Ortiz-Gil et al.|2004; [Vikhlinin et al|2006a; Rozo et al.
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2009; Wen et al.|[2009; [Sifon et al.2013; Rines et al.2013; Nastasi et al. 2014)). In this chapter,
we give a brief outline of the “Big Bang” model for the formation of the Universe and the for-
mation of galaxy clusters. The various methods of galaxy cluster detection and their importance
in determining scaling relations are discussed. Finally, we look at how scaling relations can help

us to constrain cosmological parameters in the search for a better understanding of the Universe.

1.1 Big Bang Theory

Cosmology is the study of the Universe as a whole, starting with its origin and extending to its
contents, evolution, and finally the large scale structure. Over time different theories and predic-
tions have been made regarding how the Universe began and evolved. Observations and testing
have led to the accepted theory we use today known as the Big Bang Theory. By using general
relativity and extrapolating the expansion of the Universe backward in time, there would be a
finite time in the past, when the Universe had an infinite density and temperature. At this point,
known as the singularity, general relativity and all the laws of physics break down, although this
may be avoided in cosmic inflation theories. This singularity is considered to be the origin of our
Universe (e.g.,|Roos|, 2008)). The success of the standard big bang model for the formation of the
Universe can be based on four key observations: the expansion of the Universe; nucleosynthesis
of the light elements; the formation of galaxies and large scale structure; and the origin of the

cosmic background radiation.

1.1.1 Expansion of the Universe

One of the most important cosmological discoveries ever made was that our Universe is expand-
ing. It was first discovered largely due to observations performed by Edwin Hubble in 1924. He
determined estimates of distances to galaxies and discovered the presence of Cepheid variable
stars in M31 when performing observations using the 100-inch telescope at Mt. Wilson (Hubble,

1925)). [Lemaitre| (1927) (translation available in [Lemaitre|[1931]) and |Robertson| (1929) used the
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Figure 1.1: The plot from Hubble (1929), showing the velocity and distance to galaxies, which
convinced the astronomy community that the Universe was expanding and that a proportionality
existed between velocity and distance. Radial velocities, corrected for solar motion, are plotted
against distances estimated from evolved stars and mean luminosities of nebulae in a cluster.

data taken by Hubble and were the first to predict the expansion of the Universe. However, Hub-
ble (1929) was able to convince the astronomy community of the finding with his plot showing
the proportionality between the velocity, v, and the distance, d (Figure[I.1)). This proportionality,
v = Hyd, became known as Hubble’s law, and the constant of proportionality, Hy, is known as

the Hubble constant. It was initially over-estimated at 500 km s~ Mpc~! (Hubble, |1929).

Controversy over Hubble’s constant began almost immediately. The age of the Universe in-
ferred from this value dated the Universe at an age of 2 Gyr, but by the 1930s radioactive dating
of rocks by geologists showed that it was 3 Gyrs (Mould et al., 2000). It also raised concerns
in the astronomy community because it implied that the Milky Way was much larger than any
nearby galaxy, except possibly Andromeda. However, they continued to support and use Hub-
ble’s value until the 1950s when Walter Baade discovered Population II stars (Baade, [1956) and
re-calibrated the period-luminosity relation for Cepheid variables. It was discovered that what
Hubble was observing as individual stars in distant galaxies were actually star clusters, and when

corrected, Hubble’s constant dropped to a value of 280 km s~! Mpc~! (Baade, [1956).
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Figure 1.2: This plot, courtesy of John P. Huchr shows how our knowledge of the Hubble
constant has changed since it was first measured in 1927.

However, the issue was still not resolved. Hubble’s successor at the Mt. Wilson observa-
tory, Allan Sandage, performed further calculations and observations, and by 1956 had further
reduced the value to 180 kms~! Mpc~! (Humason et al., [1956). Two years later he published a
value of 75 km s~ Mpc~! (Sandage, 1958), and by the 1970s had reduced it to a value of only 55
kms~! Mpc~! (Sandage and Tammann, |1974). During this time, other competitors continually
measured values of the order of 100 kms~! Mpc™! (e.g., |van den Bergh, |1970, 1972, (1975} |de
Vaucouleurs and Bollinger, 1979} de Vaucouleurs, [1982a.b). The various values for the Hubble
constant can be seen in Figure[[.2] A resolution to this problem was presented in the form of the

Hubble Space Telescope (HST).

In the early 1980s a team was formed for a project known as the HST Key Project on the
Extragalactic Distance Scale. The primary goal of this project was to decrease the errors in the
calibration of the Hubble constant and derive a value which was accurate to 10%. This project

ran for many years but they achieved their goal and in 2001 they published their final results

Thttps://www.cfa.harvard.edu/~dfabricant/huchra/hubble/
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Figure 1.3: Hubble diagram of the distance vs velocity taken from Freedman et al.| (2001).
This plot shows a summary of the results from this project, with the different methods used for
determining distance and velocities. They determined a value of Hy = 72 & 8 kms~! Mpc~!.

(Freedman et al, 2001). Using various methods (Figure [I.3) they were able to determine a value

for the Hubble constant, Hy = 72 & 8 kms~ Mpc 1.

Since then numerous studies have worked on improving this value, including the Wilkinson
Microwave Anisotropy Probe (WMAP) and the Planck project. WMAP was a NASA Explorer
mission which was launched in 2001 with the primary aim to make fundamental measurements of
cosmology. The mission was completed in 2012 and the final cosmological results are published
in Hinshaw et al|(2013). They inferred Hy = 70.0 & 2.2 kms~! Mpc™?, under the assumption
of spatial flatness. Planck was an ESA mission to observe the first light in the Universe. It was
launched in 2009 and recorded data until it was deactivated, after 30 months, in October 2013

(Planck Collaboration et al., 2016a). The data has not been completely analysed but the latest
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results, combining temperature and lensing data, give a result of Hy = 67.8 0.9 kms~! Mpc ™!

(Planck Collaboration et al., [2016c). All of these data leads to the conclusion that our Universe
is expanding and therefore all objects around us, with the exception of nearby gravitationally

bound objects (e.g., our Local Group, |van der Marel et al.|2012)), are receding.

1.1.2 Nucleosynthesis of the light elements

The abundance of light-elements in our Universe is another important criteria we can use to ver-
ify the hypothesis of the Big Bang Theory. The abundance of light elements (deuterium, helium,
and lithium) in the early Universe is dependent on the density of the ordinary matter (Figure
[[.4). Above a certain threshold we are able to approximate that 24% of the ordinary matter in

the Universe is helium.

In the 1950s and 1960s, the predominant theory regarding how the chemical elements in the
Universe were formed was due to work done by G. Burbidge, M. Burbidge, Fowler, and Hoyle.
Their work became known as the BBFH hypothesis (Hoyle et al.|[1956; Burbidge et al.|[1957).
They suggested the idea that all the elements were made in stellar interiors or during supernova
explosions. However, two main faults were present in this theory. Firstly, if the stellar nuclear re-
actions are the only processes responsible for the production of helium then only a small amount
should be seen rather than the observed 25%. Secondly, stellar theory excludes the production of
deuterium in stellar interiors and suggests that it is rather destroyed inside stars. Therefore, this

theory could not accurately predict the observed abundances of these two elements.

A different theory was needed to explain the observed Helium abundance and, due to work by
George Gamow and his collaborators (Gamow, |1946; Alpher et al., 1948]), one now exists. This
theory is known as Big Bang Nucleosynthesis and encapsulates the following. The very early
Universe existed at extremely high temperatures, resulting in all matter being fully ionised and

dissociated. Approximately three minutes after the Big Bang, the temperature of the Universe



1.1. BIG BANG THEORY 7

100 g—rrrrmmr—rrrrrm— e

101 _ OHeIium 4 (*He) |

10 ]
1osf  Helium (He)

Element Abundance (Relative to Hydrogen)

i 5
106 =
E ©
F c
107 3
E o)
E (o]
i o
108 < 3
3 = 3
100k = ,
F ) E
100 [ 4
£/ Lithium (°Li) E
10 bt vt e )
1012 101 100|100 10 107

Density of Ordinary Matter (Relative to Photons)

IASAWNAP Scence Team Elent Abundans grephs; Steigman. Encygpetia o Astronomy
VUAP10108T ‘ard Asophysics ettt of Physice) Decarmber, 2000

Figure 1.4: This image produced by the WMAP || science team shows how the abundance of
light elements in the early Universe depends on the density of ordinary matter. It can easily be
seen that above a certain threshold, the yield of helium is insensitive to changes in density. The
WMAP satellite is able to measure the density of the ordinary matter, shown by the vertical red
line, and they can then predict the abundance of the different elements. They found them to be
in good agreement with the observed abundances.

began to cool adiabatically to approximately 10° K. At this lower temperature the products of
fusion, i.e., deuterium, helium and tritium, are no longer dissociated by high energy photons
as soon as they are formed. Lithium was formed due to the collision between tritium and two
deuterium nuclei. The heavier elements are only formed much later in the interior of stars.
Observations of the Universe have verified the abundances of these light elements and found them
to be in excellent agreement, except for Lithium, with the theory of Big Bang Nucleosynthesis

(Planck Collaboration et al.,[2014b| [2016d; [Komatsu et al., [2011; Hinshaw et al., 2013)).

Zhttp://map.gsfc.nasa.gov/universe/bb_tests_ele.html
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1.1.3 Origin of the cosmic microwave background radiation

In the beginning, approximately 13,8 billion years ago, when the Universe was very young, it
was extremely dense and hot, with temperatures greater than 1032 K, and filled with hydrogen
plasma and radiation (Anderson, 2015). As it expanded, this plasma and radiation cooled. After
approximately 380 000 years (z~ 1100) it had cooled sufficiently for neutral hydrogen atoms to
form (Sunyaev and Zeldovich, |1970a; Peebles and Yu, 1970; |[Farhang et al., 2012). This time
period is known as the recombination epoch. This resulted in the thermal radiation no longer
being able to interact with the background gas, making it transparent and resulting in photon
decoupling. During this time the photons were no longer being constantly scattered by the elec-
trons and protons and were able to travel freely through space. These photons have been moving
through space ever since, being stretched due to the expansion of the Universe. This stretching
caused an increase in wavelength and hence a decrease in the energy of the photons. This is the

source of the cosmic microwave background (CMB) radiation (Gawiser and Silk} 2000).

The CMB was first predicted in 1948 by Ralph Alpher and Robert Herman who estimated
that the temperature of the CMB was 5 K (Alpher and Herman, 1948). However, it was only
recognised as a detectable phenomenon in 1964 when two Soviet astrophysicists released a short
paper on the subject (Doroshkevich and Novikov, |1964). Around this time, David Todd Wilkin-
son and Peter Roll undertook the task to build a Dicke radiometer (Dickel |1946)) to measure the
CMB. However, before they could complete their task the CMB was detected by chance at the
Bell Telephone Laboratories. Arno Penzias and Robert Woodrow Wilson were using a Dicke
radiometer for satellite communications and radio astronomy when they observed an excess 4.2
K antenna temperature which they could not account for (Penzias and Wilson, |1965)). Through
communications between Wilkinson, Roll and Peebles, they were able to determine that the ex-
cess temperature was indeed due to the CMB (Dicke et al., [1965). Penzias and Wilson were

awarded the Nobel Prize in Physics for their discovery in 1978.
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Figure 1.5: This image was taken from Mather et al. (1990) showing the power spectral density
of the cosmic microwave background as observed by COBE. It corresponds perfectly to a black
body spectrum.

Around this time, the steady state model of the evolution of the Universe was still a popular
theory. In this model, the density of matter in the expanding Universe is unchanging due to a con-
tinuous creation of matter. Supporters of this model argued that the excess temperature was the
result of scattered starlight (Narlikar and Wickramasinghe, [1967). However, new measurements
at different frequencies revealed that the spectrum was a thermal, blackbody spectrum (Figure
[L.5). This was a result that could not be reproduced by the steady state model, and the consensus

that the CMB was a remnant of the Big Bang grew (Peebles et al.,|1991).

When observing the CMB with extremely sensitive instruments such as the Cosmic Back-
ground Explorer (COBE) satellite and WMAP, tiny fluctuations in the CMB temperature were
detected (White, [1999). Studies of these fluctuations allow us to measure the basic parame-
ters describing the Big Bang theory, as well as provide us with information about the origin
of galaxies and large scale structures of galaxies (Bennett et al., 2003)). The small temperature
anisotropies that we see in the CMB are thought to be the seeds of structure formation, and give
rise to the formation of galaxies, and eventually clusters of galaxies, that will be discussed in the

next section.
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1.2 Galaxy Cluster Formation

Galaxy clusters are composed of 3 main components: stars (in both galaxies and the intraclus-
ter light [ICL]), the hot ICM, and dark matter (See Figure [[.6)). Stellar light is observed with
optical telescopes and the hot ICM can be observed via the Sunyaev-Zeldovich effect and X-ray
observations. Dark matter can not be observed directly but its presence can be inferred by the ob-
servations of gravitational lensing of background galaxies distorted into extended arcs (Kravtsov

and Borgani, 2012).

Figure 1.6: This image taken from Kravtsov and Borgani (2012) clearly shows the 3 main com-
ponents of galaxy clusters. Left panel: This image shows galaxy cluster Abell 1689 at redshift
7z=0.18. The purple haze shows the X-ray emission due to the ICM, and was obtained by the
Chandra X-ray Observatory. The galaxies observed in the optical band by the Hubble Space
Telescope are shown in yellow. The presence of dark matter can be inferred by the long arcs
seen in the optical image which are caused by the gravitational lensing of background galax-
ies. (Credit:X-ray: NASA/CXC/MIT; Optical: NASA/STScI). Right panel: This image shows
galaxy cluster SPT-CL J2106-5844 at z = 1.133. This cluster is one of the most massive clusters
known at z > 1 discovered via its Sunyaev-Zeldovich (SZ) signal. The image shows the optical
band as observed by Magellan/LDSS3 and the blue-green-red color channels represent the mid-
infrared measurements taken by Spitzer/IRAC. The white contours correspond to the South Pole
Telescope SZ significance values, as labelled, where dashed contours are used for the negative
significance values.(Adapted from Foley et al.| (2011).)

Dark matter was originally postulated by Zwicky| (1933). He derived an equation that linked
the line of sight radial velocity of galaxies within a cluster to the mass of the cluster using

Newton’s second law. He considered a system of mutually interacting masses, where r; is the
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position of mass m; with respect to the system center of mass and F; is the total force acting
on this mass as a result of its interaction with all of the other masses in the system. Then, by

applying Newton’s second law, he got the following equation:

dz’f‘z‘
=m0 1.1
e (1.1

Scalar multiplication by 7;, summing over all the masses and time averaging then yields,

%Z—i (Z mﬂ“?) = (Z rl-E») + (Z m,»vf), (1.2)

(2

where v; is the velocity of the ith mass. He made the further assumption that the overall mass
distribution fluctuates about some equilibrium value. Thus the time average of the derivative on

the left became zero, leaving,

(Z %W@) = —%W (1.3)

This equation which links the system’s total kinetic energy to its total potential energy became

known as the virial theorem and is often written as,

2KE+U =0. (1.4)

/wicky| (1933)) applied this virial theorem to the Coma cluster to determine its approximate

mass. He knew that this cluster consisted of about 1000 galaxies that were distributed in a nearly
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spherical pattern and interacting gravitationally. By applying Newton’s third law and the Law of

Universal Gravitation he was able to simply the potential energy to have the form,

ZnFi:—ZZGT.mj' (1.5)
i v

1 g<i

Substitution into the virial equation then gives,

Gm;m;
(Z mivf) = ZZTJ (1.6)

i g<i

where the left hand side of the equation is simply the total mass of the cluster multiplied by the
time and mass averaged squared velocity. Zwicky made the further assumption that the mass is
uniformly distributed over a sphere of radius 2, which allows the right hand side of the equation

to be simplified to,

GM?
U= . 1.7
7 (1.7)
Using this he got an equation for an approximation of the total mass of the galaxy cluster,
v’R
M~ ——. 1.8
e (1.8)

Since Zwicky knew the redshifts of the galaxies he could calculate line of sight velocities for the
galaxies and by assuming spherical symmetry was able to calculate the time and mass averaged
squared velocity. He also knew the radius of the Coma cluster and therefore was able to calculate

the mass of the Coma cluster. However, when he then calculated the average mass to light ratio
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of the galaxies in the Coma cluster, using the average galactic luminosity he found it to be much

higher than expected if the mass of the galaxies was only due to stars |[Zwicky| (1937).

One plausible explanation for this discrepancy is dark matter, which contributes to the mass
of the galaxies without increasing the galactic luminosity. This observation of dark matter has
been confirmed by studies of clusters and the stellar dynamics of their members (e.g., |[Bridges
et al., 2006; Bradford et al., 2011} [Tortora et al., 2014; Sweet et al., 2016), and gravitational
lensing (e.g., Bartelmann and Schneider, |2001; Benjamin et al., 2007; Tinker et al., 2012; Liu
and Hill, 2015). The presence of dark matter is also inferred from observations of spiral galaxy
rotation curves (e.g., Rubin et al., |1980; [Bosma, |1978, |1981a,b; Begeman, 1987} Persic et al.,
1996; ivan den Bosch and Swaters|, [2001}; [Salucci et al., 2007 Brook and Shankar, [2016)).

The theory of cold dark matter was first proposed by [Peebles| (1982) as a way to solve two
major problems: (i) when observing clusters and galaxies they were found to be much more clus-
tered than expected if only baryonic matter was present, and (ii) the baryon density was observed
to be too low to result in the total energy of the Universe, since at this time, various studies in-
dicated €2 = 0.3. In this model of structure formation, most of the mass is thought to be made
up of massive, weakly-interacting, non-baryonic particles which travel at non-relativistic speeds.
Since this matter only interacts with gravity it begins clustering sooner than baryons, resulting
in the observed clustering. Cold dark matter is currently the most widely accepted type of dark

matter.

The process by which galaxy clusters form is not simple or linear. It involves many different
physical phenomena on different scales and therefore, to date, the exact method is not fully un-
derstood. The general process is that the tiny density perturbations in the early Universe, caused
by inflation, are amplified due to gravity and dark matter. This resulted in a hierarchical sequence
of mergers ultimately resulting in galaxy clusters. A review of different galaxy cluster formation

models is provided by Kravtsov and Borgani| (2012).
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One of the main models describing this process was suggested by Kaiser (1986a) and uses
baryonic processes to explain observational properties, such as the galaxy cluster temperature. In
this model, known as the self-similar model, all galaxy clusters and groups are essentially iden-
tical objects which have been scaled up or down (Maughan et al., [2012). Strong self-similarity
refers to when galaxy clusters have been scaled by mass and weak self-similarity refers to a
scaling due to the changing density of the Universe with redshift (Bower, [1997). This model
makes some key assumptions, as described by |[Kravtsov and Borgani| (2012) and Maughan et al.
(2012). The first assumption is that the cluster began as a density pertubation that at some point
had €2,,, > 1. This pertubation then evolved as a closed Universe independent of the background
csomology. Secondly, gravitational energy as a result of the collapse is the only source of energy
to the ICM. By introducing these assumptions we greatly simplify the problem so that properties
of the density field depend on only two control parameters: the slope of the power spectrum of
the initial perturbations, and its normalisation. The strong self-similarity determines the slope
and is not expected to evolve with redshift, while the weak self-similarity is responsible for the
evolution of the normalisation since, in this simplified model, it is due only to a change in density
with redshift (Bryan and Norman, 1998). This self-similar model is used to predict the values

for the slopes of different scaling relations as discussed later in this thesis.

The self-similar scaling relations developed by [Kaiser, 1986] are based on three key assump-
tions. The first assumption is that the Universe is an Einstein-de Sitter Universe, aDem = 1, and
that the clusters have formed through gravitational collapse. The next assumption is that the
initial perturbations present in the early Universe do not have a pre-set or preferred scale; this
allows scale-free or self-similar perturbations(beyond gravitational collapse and shock heating),
to evolve and grow. The final, and perhaps most interesting, assumption is that other physi-
cal processes, which shape the formation of clusters, do not interfere with formation nor do they
introduce their own scaling into the model. These different models can be investigated using sim-
ulations. Cosmological simulations are used to model the growth of structure in the Universe.
They play a significant role in cosmology because they offer us a way to test and verify models of

the origin of the Universe and its evolution. It starts with a specific number of particles and a set
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theory that is being tested and scientists watch how it evolves over time (Borgani and Kravtsov,
2011). Therefore, the two main constraints on simulations are the correct initial conditions and
that the the final distribution mimics what we can observe. Simulations were initially used to
solve ‘zoomed-in’ problems where the focus would be on a few galaxies (Vogelsberger et al.,
2014), but over time and with the improvement of technology we are now able to start looking
at simulations of the Universe as a whole. A thorough review of the advances in simulations is

presented by Bertschinger (1998).

One of the most important recent cosmological simulations is the Millennium simulation
(Springel et al., 2005)). It was carried out by the Virgo Consortium, made up of British, German,
Canadian, and US astrophysicists. The original simulation follows approximately 10'° particles
from redshift z = 127 to the present and it uses a cubic region of 500 = Mpc. In Figure [1.7|we
show some snapshots of the simulation showing how galaxy clusters are formed in a hierarchical

formation.

Figure 1.7: Snap shot from the Millennium Simulation to show the formation of large scale
structure of the Universe at various redshifts (from left to right: z = 6, z = 2, and z = 0).
Credit: Volker Springel ( Max-Planck-Institute for Astrophysics.)
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Simulations allow us to determine dynamics of clusters and make theoretical predictions of
cluster properties. They are used for a variety of different studies including investigating basic
cluster properties and the X-ray emission of clusters. The basic models have been improved by
adding processes such as the SZ effects (Section [[.3.4), AGN heating, and cold fronts in the
ICM (Springel, 2004). They have also been used to study scaling relations, which forms the
basis of this thesis and will be discussed in more detail in Section [I.4] However, before any of
these studies can be performed we require a sample of galaxy clusters and so we provide a short

background on different galaxy cluster detection methods and their importance.

1.3 Galaxy Cluster Detection

In the 18th Century, Charles Messier and F. Wilhelm Herschel each independently produced a
catalogue of nebulae and discovered that they had a tendency to cluster (Biviano, 2000; Herschel,
1864; [Messier and Niles, |1981). During the 19th and early 20th Century this tendency became
more pronounced as larger samples of galaxies were compiled. In the 1920s, Edwin Hubble
made the discovery that elliptical and spiral galaxies are real galaxies like the Milky Way but at

very large distances, implying the enormous size of clusters of galaxies (Hubblel 1925]1926).

A few years later galaxies in regions of clusters were studied and measurements of galaxy
velocities were made by Hubble and Humason (1931). By using the assumption that the motions
of galaxies are in virial equilibrium, the total gravitational mass for clusters like Coma (Zwicky
1933Zwicky|1937) and Virgo (Smith, |1936) were calculated, leading to the theory of Dark Mat-
ter (Section[I.2). This theory resulted in many investigations into the formation and evolution of
galaxy clusters, introducing the study of aspects such as the properties and distribution of galaxy

clusters and their dynamical status.

Original studies of the night sky were carried out in the optical band, but as technology has

improved surveys searching for clusters in the X-ray have been developed and have been ex-
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tremely important. Bright clusters have also more recently been discovered using radio, infrared,
and sub-millimetre observations. All of these surveys have their own advantages and disadvan-
tages, but by combining the data from different wavelengths we can minimise biases and gain a
more complete understanding of galaxy clusters. In this section, we look at the optical, X-ray,
and radio wavebands (summarised in Table [I.3)) and discuss different surveys and original dis-
coveries made. We also look at other methods of galaxy cluster detection including the SZ effect

and gravitational lensing.

1.3.1 Optical

When galaxy clusters were first beginning to be studied, the two largest and most used opti-
cal catalogues were compiled by |Abell (1958)) and Zwicky et al. (1968). Both of these made
use of the Palomar Optical Sky Survey (POSS) which was the first photographic survey of the
sky (Minkowski and Abell, 1963} Reid et al., 1991). Since there was no standard definition of a
galaxy cluster, both Zwicky and Abell visually examined the POSS and defined their own criteria
for what would be included, based on magnitude, redshift, and area within which these galaxies

fell (Table [I.1).

Table 1.1: Comparison of selection criteria for Abell and Zwicky catalogs (Sarazin and Boller,
1989)). In this table m; refers to the magnitude of the ith brightest galaxy in the cluster and z is
the redshift.

Abell Zwicky
At least 50 galaxies with magnitude in At least 50 galaxies in the range m; to m;+3
the range m; to ms must fall in the boundary

The galaxies must fall in a circle of radius ~ The boundary of the cluster is the isopleth
Ry = % arcminutes where the galaxy surface is twice
the local background density

0.02 <2<0.20 No distance criteria




1.3. GALAXY CLUSTER DETECTION

Table 1.2: Classifications of galaxy clusters by different astronomers from [Sarazin and Boller
(1989) and |Abell| (1975). Some of these astronomers define the type of cluster based on the
galaxies within it, specifically the presence or lack of a cD galaxy. A cD galaxy is a extremely

luminous elliptical galaxy found in the centre of an extended surface brightness halo.

Author Classification Explanation
| [Zwicky et al] (1968) Compact One pronounced concentration
and >10 galaxies in contact
Medium Compact One pronounced concentration and
>10 galaxies separated by several diameters
or several pronounced concentrations
B 3 Open No pronounced peak of population
Bautz and Morgan| (1970) Type I Cluster dominated by a cD galaxy
Type II Brightest galaxies are between a cD
and giant elliptical
| - Type III No dominating galaxies
Rood and Sastry|(1971) cD Dominated by a central cD galaxy
B Binary — dominated by a pair of luminous galaxies
L Line — at least 3 of the brightest galaxies
appear to be in a straight line
C Core — at least 4 of the 10 brightest
galaxies form a cluster core
F Flat — the brightest galaxies form a flattened
distribution across the sky
I Irregular — the brightest galaxies have an
- irregular distribution across the sky
Morgan|(1961) Type I Contains many spirals
- Type II Contains a few spirals
Oemler| (1974} Spiral-Rich Spirals most common
Spiral-Poor S0s most common
ch Dominated by a cD galaxy and
most galaxies are SO or elliptical
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Abell’s criteria focused mainly on the magnitude of the galaxies and their redshift, estimated
from a velocity-magnitude relation (Abell, | 1958)), but since neither could be quantitatively mea-
sured, this introduced a bias into his catalogue. The Abell catalogue contains a total of 2712
galaxy clusters with an analysed distribution of 1682 of them, and was found to be mostly com-
plete out to z ~ 0.20. However, up to 25% of these clusters could be contaminated or be the result
of projections (Fesenkol|[1979; Lucey|1983; Frenk et al.[1990; [Lumsden et al.| 1992} |Dalton et al.
1992; lvan Haarlem et al. [1997). Zwicky found galaxy clusters by searching for overdensities
in the sky, and although this method seems simpler than Abell’s, its completeness is extremely
dependent on the redshift of the cluster. This is because clusters that have identical richness but

are at different redshifts will have different overdensities (Abell, [1975)).

In order to try and better understand galaxy clusters, astronomers used these two catalogues
to try to find a way to classify galaxy clusters, most of which depended on their content and
richness. When studying the content of the galaxy clusters they looked at the different types of
galaxies and which were the most dominant. The richness has a variety of definitions, but can
generally be classified as a statistical measure of the number of galaxies within a cluster (Abell
1958}, Zwicky et al.| 1968}, Sarazin and Boller| 1989; Koester et al.|2007a; Rykoft et al. 2016).
A wide variety of classifications were created, the most popular of which we have described in
Table[I.2] By studying this table we can see correlations between the different classifications and
therefore, by combining them, we can simplify the classification into two main groups: regular
and irregular galaxy clusters. The properties of regular clusters include there being a popula-
tion of greater than 10° in the interval of the six brightest magnitudes, a central concentration
of galaxies, spherical symmetry, and being dominated by E and SO galaxies. Irregular galaxy
clusters have a varying population from poor to relatively rich, little to no symmetry, no marked

concentrations, and contain all types of galaxies.

Gunn et al.| (1986) (Gunn, Hoessel and Oke (GHO) survey) were able to make use of this
information to come up with a different method of identifying high redshift clusters. They used

the photographic plates to search for large, red, central galaxies and marked these as possible
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galaxy clusters requiring follow up with deep CCD images. Due to this being a different and
novel method of finding galaxy clusters, the completeness of their sample could not be calcu-

lated (Yee and Gladders, 2002)).

As technology advanced, digitised images and computer algorithms were used to replace
visual inspection of the photographic plates. The first examples of this were shown by Heydon-
Dumbleton et al. (1989) (Edinburgh-Durham survey) and Maddox et al.| (1988) (APM survey)
who used plates taken by the UK Schmidt Telescope Unit (UKSTU) to create galaxy catalogues.
The plates cover the entire southern sky below a declination of —20° and have a limiting magni-
tude of 21. The Edinburgh-Durham Survey was the first large-scale machine-based optical galaxy
catalogue and used the COSMOS — an automatic measuring machine designed for Schmidt tele-
scopes (Pratt, |1977) — microdensitometer to scan 200 of the UKSTU plates. A mosaic of 60
of these plates around the Southern Galactic Pole had image classification performed on them
to provide a galaxy catalogue of 10° galaxies. [Lumsden et al. (1992) used this catalogue and
a peak-finding algorithm to create the Edinburgh-Durham Cluster Catalogue (EDCC). This al-
gorithm involved the binning of the galaxy data into equal square area bins, smoothing using a
Shectman filter (Shectman, |1985), subtracting a background sky frame, and applying a threshold
to determine possible cluster candidates. They then deblended the data to search for true peaks
and used the Abell classifications described in Table[I.2] This gave a catalogue of 737 clusters or
groups. Maddox et al.| (1988)) used the SERC Automatic Plate Measuring (APM) densitometer
to study 176 of the UKSTU plates. Their survey discovered 3.6 x 10° galaxies in a 4400 square
degree area. Dalton et al.| (1992) used this survey and a two-stage process to create a galaxy
cluster catalogue. The first stage used a percolation algorithm to locate spots of overdensity with
a magnitude above 20.5. The second stage uses these possible candidates and an iterative proce-
dure, involving sorting galaxies by magnitude and weighting them, to find the magnitude of each

cluster. They selected a sample of 240 clusters for spectroscopic follow-up.

Further advancements allowed for the release of the Palomar Distant Cluster Survey (PDCS)

by Postman et al.| (1996)). This survey was based on CCD images and was the first objectively
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selected, fully automated catalogue of clusters. Although the survey was rather shallow, it did
cover six square degrees of the sky and allowed for a substantial cluster survey to be performed.
With the main aim of this survey being to reduce the effect of projection contamination seen in
all previous studies, they used the more modern cluster finding method known as the matched
filter algorithm, described in detail in their paper. This algorithm uses known facts about galaxy
clusters from previous studies to aid in identifying real clusters. The properties used in this sur-
vey were the luminosity function and the size of the clusters. They found a total of 79 clusters,
of which 16 were already known from a survey performed by Gunn et al.| (1986). However,
since the luminosity function is not very well defined it was found that there was still ~30%
contamination from projection effects. Further studies by (Oke et al., |1998) using spectroscopic
observations with Keck found that even with this high contamination rate, optical surveys search-

ing for galaxy clusters are successful and important for finding systems with z < 1 (Gio1a, [2000).

In 1996 Dalcanton| (1996) suggested that by looking for surface brightness fluctuations on
the sky we could find high redshift clusters. The reasoning behind this is that the fluctuations are
caused by the light from unresolved galaxies in the cluster (Gioia, 2000). The advantage of this
method is that initial searches can be done with small telescopes with follow-up observations
required for confirmation of a galaxy cluster. Two surveys, the Palomar Transit Grism Survey
(PTGS) and the LasCampanas Distant Cluster Survey (LCDCS), used this method to search for
clusters. The PTGS covered 17.5 square degrees of the northern sky and identified 52 possible
cluster candidates. Follow-up spectroscopy and imaging identified 10 of these as real clusters.
The LCDCS catalogue is described in (Gonzalez et al. (2001). They observed 130 square de-
grees of the southern sky and have found a total of 1073 possible cluster and group candidates in

the redshift range 0.3 < z < 1. (Zaritsky et al.,2002) describe this unique method in more detail.

Another optical technique for finding galaxy clusters is the cluster red sequence (CRS)
method (Gladders and Yeel 2000). The motivation for this method stems from the observa-
tion that early-type galaxies in a rich cluster follow a colour-magnitude relation (Visvanathan

and Sandage||1977; [Bower et al.||1992; Bower et al.||1992; van Dokkum et al. 1998} |Gio1a 2000;
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Baldry et al.|2004; Bernardi et al. 2005 [Me1 et al.|2009). Although the properties of a cluster
will evolve with time, it was found that the red sequence galaxies in the galaxy cluster core occur
at a higher number density compared to the red sequence galaxies in the field, and therefore the
background contamination is negligible. The searching algorithm uses this population as an in-
dicator that the object may be a cluster candidate. This technique has been used to generate two
large surveys, Red-sequence Cluster Survey 1 (RCS-1) and RCS-2. These surveys used mosaic
CCD cameras mounted on 4m telescopes to image the sky (Gladders and Yee 2001} (Gladders
2002; Gladders and Yee |2005|). RCS-1 observed a 90-degree square patch of sky and found a
total of 1000 clusters (Yee et al., [ 2007). RCS-2, described in detail in |Gilbank et al.| (2011)), is a
~1000 square degree survey using the square-degree imager, MegaCam, which aims to find 10*
clusters. The aim of these surveys is to build a large enough catalogue of clusters to allow them

to place constraints on cosmological parameters (see Section|[I.T).

The Sloan Digital Sky Survey (SDSS) covers a third of the celestial sphere and provides the
most complete database for low redshift clusters |Alam et al. (2015). This large survey saw first
light in 1998 but only started routine operations in 2000. It provides photometry in the five main
bands (u,g,r,i and z) and has spectroscopic observations from follow-up studies. Due to the sheer
number of objects from this survey, we have the chance to create a large and complete cluster
catalogue. Different research groups have tried to do this using various cluster algorithms, a few

of which we briefly describe below.

The maxBCG algorithm, a red-sequence cluster-finding algorithm, uses data from SDSS to
detect 13,823 clusters (Koester et al., 2007a). This algorithm, first described in Koester et al.
(2007b), exploits three known features of galaxy clusters in order to detect them. The first is
that the spatial clustering of galaxies is inversely proportional to the radius of the cluster. The
second is the position of the galaxies on the colour magnitude diagram, and lastly the brightest
galaxy, i.e., the brightest cluster galaxy (BCG), will most likely be found in the centre of the
cluster. These are all incorporated into a likelihood function used to detect BCGs and ultimately

the clusters they reside in.
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In 2009 Wen et al.|(2009) used the SDSS Data Release 6 (DR6) to find 39,716 galaxy clusters
in the redshift range 0.05 < z < 0.6. They used a friends-of-friends algorithm and specify that,
in order to be classified as a cluster, it must contain more than eight galaxies which fall within

0.5 Mpc of the centre of the cluster, and they must have a magnitude of M, < —21.

The SDSS DR7 was used by Hao et al.| (2010) to detect 55,424 rich clusters using the Gaus-
sian Mixture Brightest Cluster Galaxy (GMBCG) algorithm. This algorithm is similar to the

maxBCG algorithm and also uses the cluster red-sequence.

Rykoft et al.| (2014) also use a red sequence technique to develop the redMaPPer algorithm
which they applied to SDSS DRS8 data. They found approximately 25,000 clusters in the redshift
range 0.08 < z < 0.55. Their algorithm is iterative and divided into two main stages: the cali-
bration stage and the cluster finding stage. A rough colour calibration is used to identify possible
cluster candidates which are then used to improve the calibration of the red sequence and allow
for an improved cluster finding run. This process is run multiple times before a final run is made

and clusters are identified.

In summary, optical observations provide the largest yield of galaxy clusters per square de-
gree, when compared to other wavelengths. The reason for this is the wide field of view of these
surveys and their greater depth. They are also essential for providing photometric redshifts for
clusters detected in other wavelengths (Khedekar and Majumdar, [2013). However, optical sur-
veys are vulnerable to projection effects and observations can be contaminated by line of sight
foreground or background objects (Yee and Gladders, 2002). X-ray surveys are less vulnerable

to these projection effects and therefore can aid in our understanding of galaxy clusters.
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1.3.2 X-ray

X-ray studies of clusters of galaxies began in 1966 when |Boldt et al.|(1966) detected an extended
X-ray source of 4° — 5° from space when conducting experiments at the Goddard Space Flight
Centre. This source had a temperature of 25 keV and was situated at the same position as the
Coma Cluster. The spectral flux was measured to be 10~2(cm?s keV)~! which implies a very
large X-ray luminosity, leading to some controversy regarding whether or not this source could,
in fact, be linked to the Coma Cluster. |[Felten et al.|(1966) addressed this problem, after making
the assumption that this X-ray source is in fact linked to the Coma Cluster, considering two

possibilities, namely that the X-rays are produced by

1. the individual galaxies, or

2. the intergalactic medium.

By performing a simple superposition calculation, they were able to quickly dismiss the idea
that the galaxies could be responsible for the total observed X-ray flux. They suggested that the
X-ray emission may be coming from thermal bremsstrahlung caused by a hot gas filling the area

of the cluster between the galaxies.

Bremsstrahlung is a German term that means "braking rays". The gas within a cluster is
extremely hot causing it to become ionized. These charged particles are moving past each other
and very high speeds. When these particles pass close by each other an electric force causes them

to accelerate away from or towards each other resulting in bremsstrahlung radiation as shown in

Figure[I.§]

Since the acceleration is not uniform, photons are emitted at various wavelengths resulting
in a spectrum forming. The example given in Figure [I.8]is for a single photon, but this can
be generalised for a population of electrons with a certain velocity and density distribution. If
the population has an uniform temperature then the total emission by all the particles in this

population is known as thermal bremsstrahlung, and is given by the equation:



1.3. GALAXY CLUSTER DETECTION 25

X-ray

photon

emitted
High speed ionised particle

'Braking'

Deflected
ionised
particle

lonised
Particle

N 4

Figure 1.8: Bremsstrahlung radiation occurs when a high speed ionized particle is deflected and
slowed down by another particle, resulting in energy being emitted as an X-ray photon.
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Z is the charge on the ion, n; is the number density of the ion and 7" is the temperature of the gas.

This observation, of the X-ray source in Coma, resulted in an increased interest in X-ray ob-
servations of galaxy clusters in an attempt to determine if it was a common occurrence or merely

an anomaly.

In 1978 the Einstein observatory was launched, carrying X-ray imaging instrumentation, al-
lowing for the Extended Medium Sensitivity Survey (EMSS) to be conducted. It orbited Earth
just above 500 km until 1982 when it re-entered the Earth’s atmosphere and burnt up. It sur-
veyed an area of 778 square degrees finding a total of 835 sources (Gioia et al., [1990). This
survey provided a homogeneous flux-limited sample of X-ray sources which can be used for
various studies. Optical and radio follow-up of these sources (Stocke et al., [1991) allowed for

classification, as shown in Figure
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Figure 1.9: In 1978 the EMSS surveyed 835 X-ray sources using X-ray instrumentation on the
Einstein observatory. In this pie chart we show the classifications of these objects which were
determined using optical and radio follow-up.

After this first survey, it was discovered that X-rays offer some advantages over optical sur-
veys. Galaxy clusters are the second brightest extragalactic sources in the sky, when observed in
X-ray, and are easily identified because they are resolved. Projection effects are also minimised
in X-ray surveys because the X-ray luminosity scales as the square of the gas density and confu-
sion from background fluctuations is much lower (Voit, 2005)). Optical observations are reliant
on determining which galaxies belong to a cluster in order to determine velocity dispersions and
masses. X-ray masses, however, are dependent on the temperature and density of the gas which

we can measure. Finally, the selection criteria for X-rays are objective and quantifiable.

Due to these obvious advantages, many X-ray surveys have taken place. These surveys can
be divided into two main types: contiguous area surveys and serendipitous surveys (Gioia, 2000).
The contiguous area surveys cover large areas of the sky. Examples of these surveys include the
Northern Rosat All-Sky (NORAS) survey (Bohringer et al., 2000), the Rosat ESO Flux Limited
X-ray (REFLEX) survey (Bohringer et al., |1998)), the ROSAT Brightest Cluster sample (BCS;
Ebeling et al.| [1998)), the RASS1 Bright Sample (RASS1-BS De Grandi et al., [1999), the MAs-
sive Cluster Survey (MACS [Ebeling et al.l |2001), and the North Ecliptic Pole (NEP) survey

(Henry et al., 1995)). They are used to study the large-scale structure in galaxy clusters but, due
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to their shallowness, can not be used to identify large numbers of the more massive clusters at
high redshift. The serendipitous surveys use pointed data surveys to search for clusters which
have the advantage of higher sensitivity but the disadvantage of a much smaller observation field
of view, making identifying large clusters difficult. In Figure we show the various X-ray
surveys to date and compare their sensitivity and area. The X-ray data used for this thesis were
from the XMM Cluster Survey (XCS), a serendipitous survey based on the XMM telescope de-
scribed by (Romer et al., 2001; Mehrtens et al.,|2012) and discussed in greater detail in Chapter@
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Figure 1.10: This image, taken from Merloni et al. (2012)), shows a comparison of sensitivity
versus area for existing X-ray surveys. The red line is for the eROSITA All Sky Survey, the
cyan dots depict the Einstein surveys, orange is HEAO-1, green shows all the ROSAT surveys,
blue is XMM-Newton, and Chandra is shown in purple. The points that have been encircled are
contiguous surveys.
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1.3.3 Radio

Mills| (1960) and \van den Bergh (1961) discovered a link between radio sources and galaxy clus-
ters in the beginning of the 1960s. They discovered that radio emission could be attributed to
individual galaxies or pairs of galaxies in the cluster. A year later this was confirmed by van den
Bergh when he studied radio galaxies from the 3rd Cambridge (3C) catalogue (Edge et al.,|1959;
Bennett, 1962)) and compared them to the positions of rich galaxy clusters. The emission from

these galaxies is known to be due to synchrotron radiation (Sarazin and Boller, |1989).

The acceleration of relativistic particles by a magnetic field causes synchrotron radiation.
For non-relativistic particles, this process is known as cyclotron radiation, and the frequency at
which the radiation is emitted is known as the frequency of gyration. For relativistic particles, the
frequency spectrum is more complex and the frequency is many times greater than the gyration
frequency. The particle will undergo a combination of circular and uniform motion along the

magnetic field which results in a helical motion as shown in Figure[I.T1]

Figure 1.11: Synchrotron radiation occurs when charged particles are accelerated in a circular
pattern. In this image, taken from Rybicki and Lightman| (1986), we see a charged particle
moving at velocity v in a magnetic field B. The velocity can be split into components, parallel
(v)) and perpendicular (v, ) to the magnetic field. If we study v we see that v x B =0 and
therefore v = constant. The acceleration, a, is perpendicular to the magnetic field and v). This
results in motion of constant velocity along the magnetic field direction and circular motion about
it, i.e., the helical motion shown above.
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Hill and Lilly| (1991) studied radio galaxies at z ~ 0.5. They found that radio sources at
higher redshift (z > 3) are normally in the centres of rich proto-clusters (Bremer et al. [1997;
Pentericci et al.|[1999). This was proven by various observational indicators such as extended
luminous X-ray emission, overdensities and spectroscopic studies(Gioia, 2000). Therefore, by
performing observations around high redshift radio galaxies we can search for distant clusters
as shown in recent studies (e.g., Burns et al., [1993; Blanton, 2000; Blanton et al., 2003} Baker
et al., |2005; |Paterno-Mabhler et al., 2016). These searches can then be followed up with studies
in optical or X-ray to confirm. Radio studies, however, do not provide a complete sample or any
information regarding the selection function. The radio sources in galaxy clusters can be divided

into two main types: single radio galaxies and diffuse radio emission.

If the radio galaxy existed in the field it would generally be symmetric with a simple structure.
When radio sources are present in a galaxy cluster they take on a more complex structure which
lacks symmetry. This is due to the confinement of the radio source by the surrounding ICM. The
two main types are Wide Angle Tails (WAT), and Narrow Angle Tails (NAT) or Head-Tail (HT)
galaxies (Mileyl, |1980). WATSs are double-lobed but the lobes are not aligned with the nucleus.
They are generally associated with the optically dominant galaxies and are more luminous than
the HT galaxies (Douglass et al.|2016; Mao et al.|2010; Gomez et al.|1997; |O’Donoghue et al.
1993; O’ Donoghue et al.||[1990; |(Owen and Rudnick [1976). For an HT galaxy, all the emission
lies in a tail on one side and the galaxy forms the head. They are often not associated with cD
galaxies (O’Dea and Owen||1985; Jones and Owen||1979; Rudnick and Owen| 1976} Bliton et al.
1998; Mao et al.[[2009).

For this thesis, we focus on the diffuse radio emission and will go into detail regarding its

detection and origin.
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1.3.3.1 Detection of diffuse radio emission

Extended radio emission was first detected in the Coma cluster by |Large et al.|(1959). They were
observing an area of the sky, which included the Coma cluster, using the 250-ft radio telescope
at Jodrell Bank at 408 MHz. They detected an extended source with an angular diameter of 45’
in the middle of the cluster, later classified as a radio halo (Section[1.3.3.5)). Further observations
with single dish telescopes, and at lower frequencies, were able to confirm this extended size and
show that the source had a steep spectrum (Costain and Smith!/|1960; Kenderdine| 1963}, |[Erick-
son and Cronyn||1965}; Roger et al.| 1969} Bridle |1969). However, it wasn’t until [Willson| (1970)
performed interferometric observations, using the Cambridge One Mile telescope, that it was
confirmed to be diffuse emission and not linked to any specific cluster galaxy. Since then, high
sensitivity radio observations have revealed many diffuse, non-thermal radio sources in clusters
that are linked to the ICM rather than a specific cluster galaxy (e.g., Miley, [1980; Ensslin et al.,
1998}, Blasi and Colafrancesco, [1999; Liang et al., 2000; Petrosian, 2001} |Govoni et al., 2001}
Ferrar1 et al.l 2008; Ventur1 et al.l 2008; Brunetti et al., 2008} |Giovannini et al.l [2009; [Feretti
et al.| [2012;|ZuHone et al., 2013 Knowles et al., [2016]).

Unlike the thermal gas emitting in X-rays which are detected in all clusters, this non-thermal
emission is more elusive. |Glovannini et al.| (1999) presents the results of a search for diffuse
radio emission in the NRAO VLA Sky Survey (NVSS). They inspected a sample of 205 X-ray
bright Abell type sources taken from Ebeling et al. (1996) and found only 29 candidates. This
proved that these diffuse sources are not present in all galaxy clusters. The low detection rate
may also be attributed to the very low surface brightness of this diffuse emission. The Very Large
Array (VLA), Westerbork Synthesis Radio Telescope (WSRT), and the Giant Metrewave Radio
Telescope (GMRT) have proved very effective at detecting diffuse radio emission due to their
compromise between high angular resolution and sensitivity to low brightness sources (Feretti

et al., 2012)).
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Since the first detection of diffuse radio emission in Coma, many studies were launched to
try to see if this was an anomaly. By 1982, diffuse emission had been found in 10 other clusters,
with the most prominent evidence found for Abell 2255, Abell 2256 and Abell 2319 (Hanisch,
1982).By 2012, diffuse emission had been detected in 80 galaxy clusters at 1.4 GHz, with varying
sizes, positions in the cluster and evolutionary conditions (Feretti et al., 2012) and this amount

has not vastly changed since then.

1.3.3.2 Origin of diffuse radio emission

Diffuse radio emission found in radio halos and relics are extended synchrotron radio sources
and therefore, in order for them to exist, relativistic particles must be present. There are two
main models describing the origin of the relativistic electrons and hence the diffuse radio emis-
sion: the primary electron model and the hadronic (secondary electrons) model. In both models,
relativistic particles are present in the cluster because they were injected at some point in the
cluster’s history by AGN activity or star formation (Jatfe|[1977; Brunetti et al. 2001). Over time
these electrons lose energy and radiation due to inverse Compton radiation and synchrotron radi-
ation, and therefore would be unable to produce the large-scale diffuse radio emission observed
(Schlickeiser et al., [1987). This is where the models begin to differ. In the primary electron
model, the electrons are re-accelerated due to a transfer of energy from the cluster ICM. This
occurs in two main ways: cluster turbulence (Brunetti and Lazarian, 2011) and cluster shocks
(Keshet et al., [2004). In the hadronic model, inelastic nuclear collisions occur between the rel-
ativistic protons and the thermal intracluster medium, producing relativistic electrons. These
secondary electrons are then injected into the cluster (Dennison|1980; Blasi and Colafrancesco
1999; Dolag and Enf31in|2000). This method means that the electrons can continuously be made
in situ and distributed throughout the cluster. Colafrancesco and Mele (2001)) also suggested that
these electrons could have been formed by the decay of secondary products of the neutralino
annihilation in the dark matter halos. The variances in the models describe different aspects of

the diffuse radio emission and are dependent on the type of emission present.
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Diffuse radio emission is typically grouped into three main categories depending on their
position in the cluster and the cluster type: radio halos, mini-halos, and radio relics. All diffuse
radio emission has been found to have a steep radio spectrum but the clear distinction between
relics and halos is the polarisation. In this section, we will discuss each of these types of diffuse

radio emission.

1.3.3.3 Radio relics

Radio relics are large diffuse extended sources (> 1 Mpc), with a low surface brightness and
a steep spectru They are found on the outer edges of a cluster and are strongly polarised.
Jaffe and Rudnick! (1979) were the first to unknowingly detect a radio relic. They used the Green
Bank 300-ft telescope to map 32 clusters, including Coma, at 610 MHz to search for diffuse ra-
dio emission, similar to that found by Large et al.|(1959). They found a second extended source,
1253+275, located approximately 70" South West from the centre of the Coma cluster. Due to
a lack of strong discrete radio sources in this region they linked this emission to the galaxy 3C
277.3 at z = 0.086 (Schmidt, [1965)), rather than the Coma cluster (z= 0.023). Ballarati et al.
(1981)) observed this same source with the Northern Cross Radio Telescope, and due to the better
resolution, were able to determine that it was an extended source with a size of 22’ x 10’. They
suggested that it belonged to the Coma cluster but was not linked to any specific galaxy within
the cluster, and classified it as a radio halo. It wasn’t until 1985 that a different interpretation was
offered. |Giovannini et al.| (1985) and Hanisch et al. (1985) suggested that it was rather a relic
radio galaxy but differed on the parent radio galaxy. Hanisch et al.| (1985) performed observa-
tions using the WSRT at 608 and 1400 MHz, and identified a 16 magnitude galaxy in the centre
of one of the lobes and identified this as the parent source. |Giovannini et al.| (1985)), however,
believed it was linked to IC 3900 which is a Coma cluster galaxy located 3’ from the centre of
1253+275. |Giovannini et al.| (1991) rejected both of these observations. They found that the

galaxy detected by |[Hanisch et al.| (1985) showed no presence of radio emission and IC 3900 was

3a > 1, where the flux depends on a power law spectral index: S, oc V<.
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radio quiet. They instead used evidence of a bridge joining the halo source at the centre of Coma
and 12534275 (Kim et al., [1989), to suggest that it was part of the extended radio source. This

led to the concept of the radio relic.

Many theories regarding the origin of these radio relics were proposed. However, their po-
sition in the peripheral region of the cluster offers support to the primary electron model rather
than the hadronic model. The reason for this is because on the outer edges there are insufficient
protons to make a continuous supply of electrons, and therefore there would be no secondary
electrons supplied to the cluster and no diffuse emission. Therefore, the origin models discussed
below are in line with the primary model. The first theory, proposed by EnfBlin et al.| (1998)),
suggests that shock waves could cause the acceleration of relativistic electrons. These shocks
are caused by large scale structure formation such as mergers or steady state accretion on to
galaxies. They showed that the spectral index and polarisation observed in 12534275 could have
been caused by an accretion shock. This theory was further tested by |Roettiger et al.| (1999).
They studied Abell 3667 and simulated a recent merger event to show that the resulting shocks
could be responsible for the observed radio relic. [Enf3lin and Gopal-Krishna| (2001) realised that
shocks are present in almost all clusters but radio relics are rare and that, therefore, there must be
a second requirement for their formation. They offered an alternative model based on the theory

of radio ghosts (Enflin, |{1999).

When the central engine of the AGN in a radio galaxy stops ejecting plasma, the radio galaxy
becomes undetectable. However, the plasma, made up of relativistic electrons and magnetic
fields, remains present in a cocoon known as a radio ghost. Enfilin and Gopal-Krishna (2001)
postulate that these radio ghosts could be revived by the shock waves present in the clusters,
providing sufficient relativistic electrons to produce the emission detected. Through calculations
they showed that these radio ghosts could be revived up to 2 Gyr after they ‘died’. Studies of
galaxy clusters in the X-ray showed cavities in the surface brightness, providing substantial evi-
dence for radio ghosts (Boehringer et al.|1993; [Wilson et al. 2000; McNamara et al.|2001; Dunn
et al.|2005; Machacek et al. 2011). Hoeft et al. (2004) used N-body simulations to test both these
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Figure 1.12: In these images taken from Macario et al.| (2011) we show the shock detected using
Chandra in Abell 754 (a). The radio relic contours as observed with GMRT are overlaid on this
shock in (b) showing that it may have been responsible for its formation.

theories and determined that they were both insufficient and that the radio ghosts could only be
revived if the thermal pressure is much higher than the magnetic field pressure. This require-
ment provided an explanation as to the cause of the relics being situated on the outer edges of
a cluster. In the centre of the cluster the shock waves are too weak to overcome the magnetic
field, but as they move past the cooler outer regions they steepen. Due to the low gas density in
the outer regions of these clusters, they have a low X-ray brightness making shocks very hard to
detect. Therefore, proving these shocks are the cause of radio relics is difficult. However, some
detections near relics have been made either directly (e.g.,/Solovyeva et al., 2008; Macario et al.,
2011;/Akamatsu et al., 2012bja; /Akamatsu and Kawaharal 2013)) or by identifying density and/or
temperature drops (e.g., [Markevitch et al., 2002} [Krivonos et al., 2003; Markevitch et al., 2005};
[Finoguenov et al [2010). Figure [I.12]shows an example of one of these detections in Abell 754

taken from [Macario et al.| (201T)).
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Figure 1.13: In these three images we show the three mini halos detected by
(2009). Each image shows VLA 1.4 GHz radio contours overlaid on the Chandra X-ray image
in the 0.5-4 keV band.

1.3.3.4 Mini-halos

Mini-halos are smaller sources (< 500 kpc) found in cool core clusters. They are linked to
powerful radio galaxies in the centre of the cooling region, have a steep radio spectrum, and a

low surface brightness. |Govont et al.| (2009) performed VLA observations in search of diffuse

emission in relaxed, cool-core clusters and made detections in three clusters: Abell 1835, Abell
2029, and Ophiuchus. In each cluster they found a dominant radio galaxy surrounded by diffuse

low-brightness emission (Figure [I.13).

However, mini radio halos have been found in two clusters which may not be relaxed: Abell
2142 and RXJ 1347.5-1145. Abell 2142 has both a massive cooling flow (Peres et al.,[1998) and
signatures of recent merger events (Markevitch et al., [1998b). However, Markevitch et al.| (2000)

studied this cluster in more detail and determined that the merger was unequal and had disturbed,

but not destroyed, the cooling flow. RXJ 1347.5-1145 is an extremely X-ray luminous galaxy

cluster with one of the largest and most prominent cooling flows observed (Gitti and Schindler,

2004). However, the strength of the cooling flow suggests that it has been undisturbed for a long
time (1-2 Gyr)(Ferrari et al.,2008).Other minor mergers have been detected in the clusters with
mini halos but these are all located outside the cooling region (e.g., Mohr et al., [1996; [Ettori
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et al.l |1998; [Furusho et al., 2001} |/Allen et al., 2001). Due to the small size of these mini halos
and the strong emission from the central radio galaxy they are extremely hard to detect. There-
fore, identifying their origin and the causes of the different properties seen are still unclear. The

link to radio halos, if it exists, is also still not certain.

1.3.3.5 Radio halos

Radio halos are extended (~ 1 Mpc) diffuse radio sources located in the centre of the cluster.
Similarly to radio relics, they have a low surface brightness and a steep spectrum. However, un-
like relics, they are unpolarised. Radio halos have a regular morphology which seems to coincide
with the X-ray emitting thermal gas (Feretti et al., 2012). Since the first detection of a radio halo
in the Coma cluster (Section[I.3.3.T)) and the increase in more sensitive telescopes, a number of

radio halos have been found. A few of the well studied observations are mentioned here.

Diffuse emission in the cluster centre of Abell 665 was first detected by Moftet and Birkin-
shaw| (1989). They were using the VLA to survey the fields of this cluster to search for radio
sources which might contaminate observations of the SZ effect and instead found a faint steep
spectrum extended source in the centre of the cluster. The detection was verified by Jones and
Saunders (1996) who obtained images at 1.4 GHz using the VLA and 151 MHz with the Cam-
bridge Low-Frequency Synthesis telescope. Using the curvature of the radio spectrum and an
estimation of the magnetic field, they were able to estimate the age of the halo to be less than 0.12
Gyr. Abell 665 also formed part of the NRAO VLA Sky Survey and was detected by |Giovannini
et al. (1999). Further observations by |Giovannini and Feretti (2000) detected an elongation of
the radio halo in the SE-NW direction. They also found that it was asymmetric with the respect
to the centre of the cluster and was brighter and more extended towards the NW. X-ray observa-
tions show a similar X-ray brightness asymmetry suggesting a link between the radio and X-ray
emission. Studies by Markevitch (1996) and (Gémez et al.| (2000) suggest the cluster is in an

ongoing or post-merger state. White et al.| (1997), through a X-ray image deprojection analysis
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of Einstein Observatory imaging data, found that Abell 665 contained no cooling flow. Recent
deep Chandra images taken by Dasadia et al.| (2016) detected a strong shock (Mach ~ 3.0) and
two cold fronts. They also detected the presence of possible further diffuse emission to the North

of the shock which requires further investigation.

Abell 2163 is one of the richest and hottest Abell clusters with a temperature of ~ 15 keV
(Arnaud et al., [1992). X-ray studies have shown that the gas distribution in the cluster is non-
isothermal and strong temperature variations exist in the central regions suggesting that a recent
merger occurred (e.g., Markevitch et al., [1994; Markevitch, [1996; Govoni et al., 2004} |Ota et al.,
2014)). The radio halo was first detected by Herbig et al.| (1995) using VLA observations. |[Feretti
et al. (2001)) confirmed the detection using VLA observations in various configurations at 20 cm.
They also detected a relic in the outer edges of the cluster. Follow-up observations by [Feretti
et al. (2004) at 90 cm determined that the spectral index was steepening as the distance from
the centre increased. Optical analysis of the cluster by Maurogordato et al. (2008) determined
a northern component, A2163-B. They suggest that the main cluster has already undergone a
merger but that A2163-B is falling into the cluster and soon another merger will occur. Allen
(2000) found no cooling flow present which also suggests the cluster is not in a relaxed state.
Giovannini et al.|(2009) found the size of the radio halo in Abell 2163 to be 2.28 Mpc making it

one of the most extended radio halos found.

One of the most well known clusters which hosts a radio halo is 1E 0657-558, also known as
the ‘bullet cluster’ (Figure[I.14). It is made up of two colliding clusters of galaxies and provides
the best evidence of the presence of dark matter through gravitational lensing studies(Clowe
et al. 2004, Markevitch et al.|[2004). The radio halo at its centre was first detected by |Liang
et al.| (2000) using the Molonglo Observatory Synthesis Telescope (MOST). The detected radio
morphology was similar to the known X-ray morphology. Markevitch et al. (2002) identified
a clear shock front propagating in front of a gas cloud exiting the disrupted cluster core of 1E
0657-558. This gas cloud, shaped like a bullet, appears to be the remnants of a cooling flow that

was present in the cluster and was disrupted by the merger. Shimwell et al.| (2014) performed
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Figure 1.14: Images of the well-known ‘bullet’ cluster, 1E 0657-558. In (a) we show the first
detection of the radio halo in this cluster taken from Liang et al.| (2000). In (b) we show the bow
shock detected in the X-ray (Markevitch, 2006) and how it links to the radio halo in (c). The
contours of the radio halo are overlaid on the Chandra X-ray image and the red line shows the
position of the shock.

deep radio observations of this cluster using the Australia Telescope Compact Array and found
that the western edge of the radio halo lines up with the bow shock. They also found evidence
that the radio, like the X-ray, may consist of two components. These observations suggest that

shocks and turbulence influence the formation of radio halos.

Just considering these 3 well-known clusters, there appears to a be a link between radio halos
and galaxy cluster mergers - identified by the presence of X-ray substructure, X-ray temperature
gradients or weak (absent) cooling flows. This connection was suggested and discussed in early
works on the topic (e.g., Tribble, 1993} Feretti, |1999; Roettiger et al., 1999; Burns et al., [2000;
Giovannini and Feretti, 2000; Markevitch and Vikhlinin, 2001)) but the first analysis of the dy-
namical state of clusters was performed by Buote (2001). They studied clusters containing radio
halos and found that radio halos only appear in clusters that are experiencing large departures
from their virialised state. (Cassano et al. (2010) recently confirmed this link using a sample
of 67 galaxy clusters taken from the GMRT Radio Halo Survey (Venturi et al. 2007, Ventur1
et al. 2008)). They classified the state of the cluster using three parameters; power ratio, the cen-

troid shift and the X-ray brightness concentration parameter. The power ratio is a dimensionless
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measure of substructure in the cluster described in |Buote and Tsai (1995) and has been used in
previous studies (e.g., Buote and Tsai, (1995} |[Ventimiglia et al.l 2008} [Bohringer et al., 2010).
The centroid shift, w, is the standard deviation of the projected separation between the peak and
the centroid and is a robust measure of plane-of-the-sky structure in the cluster (Poole et al.[ 2006,
Maughan et al.|2008). The X-ray brightness concentration parameter, c, is defined as the ratio
of the peak over the ambient surface brightness, S (Santos et al., 2008). This parameter allows
for the identification of cool-core clusters by identifying if the gas in the centre of the core is
compact (i.e., not disturbed by a recent merger) or has a spread distribution (i.e., core has been
disturbed). Clusters with and without radio halos can be clearly differentiated by their dynamical
state. Clusters containing a radio halo are normally dynamically disturbed and those without are
usually more relaxed. However, there has also been a non-detection of a radio halo in a cluster
which is known to be undergoing a merger (Russell et al., |2011)) and more recently a radio halo
found in a massive cool core cluster (Bonafede et al., [2014). The general trend of the presence
of mergers in clusters hosting a radio halo is evidence in favour of the re-acceleration model for

their formation.

Cluster mergers cause turbulence throughout the cluster. Electrons are re-accelerated by this
turbulence resulting in a transfer of energy from the ICM to the non-thermal emission (Brunetti
et al.| 2001}, [Petrosian| 2001} |Cassano and Brunetti 2005, [Xu et al.[2010). This turbulent re-
acceleration is linked with random processes and therefore, not extremely efficient. The process
is effective for a short time (108 years) so it must therefore be linked to ongoing or recent mergers
(Ferett1 et al.[2004) Brown et al.|2011, EnfBlin et al.[2011)). Further support of this model is found
when observing the radio spectra. Feretti et al. (2012) study the link between spectral index and
the temperature of the cluster and find that the hotter the cluster, the flatter the spectrum. Hotter
clusters are more massive and undergoing more mergers. This results in more re-acceleration
of the electrons and more energy being supplied to the non-thermal emission, causing the flatter
spectra observed. The rarity of radio halos is also proof of the primary model, since without
re-acceleration, the electrons responsible for the diffuse emission will lose their energy via in-

verse Compton losses and the halo will have a short lifetime (Kuo et al.,[2004). In the secondary
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model the relativistic electrons, injected into the plasma causing the diffuse emission, are due to
collisions between the relativistic protons, accumulated during cluster formation and the ICM.
Therefore, they should be present in all clusters. This model also requires that the magnetic field

is larger than a few G, otherwise the steep spectra are not observed (Feretti et al., 2012).

Studies have found that the clusters that host radio halos all have merger activity present but
not all merging clusters host radio halos. Cassano et al. (2011) identified 4 such clusters: Abell
141, Abell 781, Abell 2631 and MACS J2228.5+2036. VLA observations at 1400 and 325 MHZ
by Govoni et al.[(2011) later found very low surface brightness diffuse emission in Abell 781, but
nothing has yet been detected in the other three. Another well-known merging cluster without
a radio halo is Abell 119 (Giovannini and Feretti, 2000). [Feretti et al. (2012]) and [Russell et al.
(2011)) suggest that there is more to the model of the origin of radio halos than we currently know

and suggest that the radio halos may only be present in clusters above a certain mass threshold.

1.3.4 Sunyaev-Zeldovich Effect

The thermal Sunyaev-Zel’dovich (SZ) effect occurs when CMB photons encounter a cluster of
galaxies on their path towards us from the last scattering surface (Sunyaev and Zeldovich/|1970b;
Sunyaev and Zeldovich|1972). The gas within the cluster is hot and ionised and causes inverse
Compton scattering of the CMB photons. This causes a boost in their energy resulting in a change
of the intensity of the microwave background (see Figure[I.I5). Galaxy clusters can, therefore,

be detected by searching for this distortion.

The first detections of the SZ effect were completed using a single dish radio telescope at
centimetre wavelengths (Gull and Northover||1976; Uson |1986). However, they were unreli-
able due to their large systematic errors. With advances in technology and the introduction of
beam switching techniques, the results improved. The pioneering work of the time was done
by Birkinshaw et al.| (1978a)), Birkinshaw et al.| (1978b) and Birkinshaw et al. (1991). They ob-

served known galaxy clusters discovered in the X-ray to determine whether or not the SZ effect
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Figure 1.15: In this image, courtesy of Ned Wrigh the black line represents the undistorted
CMB background while the blue line represents the distorted CMB due to the SZ effect. This
effect has been increased by 1000 to make it more easily noticeable.

was real. Further studies by Herbig et al. (1995)), Myers et al.| (1997), and Mason et al.| (2001)
produced very reliable results for nearby clusters. The first millimetre measurements of the SZ
effect were carried out using a 140 GHz bolometer array for the Sunyaev-Zel’dovich Infrared
Experiment (SuZIE). Using a drift scanning technique, described by |Holzapfel et al.|(1997), this
experiment was able to produce high signal-to-noise maps of the SZ emission in several clusters.
It was used by Mauskopf et al.| (2000) in combination with X-ray results to determine Hubble’s
constant. These bolometric detectors have very high sensitivity and therefore are excellent in

detecting the SZ effect.

Another way to observe the SZ effect is to use interferometers. Due to their stability and
good spatial filtering, interferometers provide high-quality images of the SZ effect. Jones et al.
(1993) used the Ryle telescope to make the first SZ effect detection using an interferometer. The
Ryle telescope consisted of eight 13 m telescopes and was located in Cambridge, England. The
Owens Valley Radio Observatory (OVRO) and Berkeley-Illinois-Maryland-Association (BIMA)

SZ effect imaging project mounted 30 GHz receivers on the OVRO and BIMA mm-wave arrays

“http://astro.ucla.edu/~wright/SZ-spectrum.html
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Figure 1.16: In this image, taken from |Carlstrom et al. (2002), we show the deconvolved in-
terferometric SZ effect images for a sample of galaxy clusters. These clusters have redshifts
varying from 0.17 to 0.89. The contours depict the SZ effect signal and are shown in multiples
of 20. The clusters are all of similar X-ray luminosity and have similar SZ effect signals despite
the wide range of redshifts. This shows the independence of the SZ effect on redshift.

in California. The data from the project was used by many collaborations (Carlstrom et al.|1996;
Carlstrom et al.2000; [Patel et al. [ 2000; |Grego et al.|2000; Grego et al.[|2001} Reese et al. 2000;
Reese et al.|[2002; Joy et al.|2001; LaRoque et al.|2002) and has produced SZ images for over 60

clusters, a few of which can be seen in Figure [[.16]

Due to the huge advances in the technology and telescopes, high sensitivity images of large
patches of the sky can be obtained to allow for SZ searches of galaxy clusters (e.g., Planck Col-

laboration et al.,|2016b; Bleem et al., 2015j Sifon et al., 2015). This is allowing us to build up a
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cluster catalogue which has a well-known selection function (Melin et al., 2005). This catalogue
can be used for studies of large-scale structure as well as a probe of cosmology (Carlstrom et al.,
2002). SZ signal is not discussed in this thesis but was included for completeness of the subject

and for allowance of explanation of future studies.



Table 1.3: Here we summarise the uses, advantages and disadvantages of optical, x-ray and radio studies for

detecting galaxy clusters.

Wavelength Surveys Advantages Disadvantages Uses
Optical Spectroscopic Wide field of view Projection effects Redshifts
Imaging Good depth Contamination Velocity Dispersions
Large yield Dynamical Masses
X-ray Spectroscopic Easily identifiable Current instruments Temperature
have a small field of
view
Imaging Minimal projection Few high M clusters at Luminosity
effects high 2
Selection criteria Hydrostatic Mass
quantifiable
Radio Interferometry Can be performed any Incomplete sample Signs of mergers
time
Single dish Not affected by Poor resolution Information about the
atmosphere ICM
High redshift clusters Radio Pollution Dynamical state
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1.4 Scaling Relations

The scaling relations of interest to this thesis are simple power law relationships between galaxy
cluster properties such as X-ray luminosity, X-ray temperature, mass, and velocity dispersion.
The self-similar model described in Section [[.2] can be used to predict these scaling relations.
However, studies have found that this self-similar model does not always agree with observa-

tional data.

One of the most studied scaling relations is that between the X-ray luminosity and the X-ray
temperature (Lx — Tx). The self-similar model predicts Lx oc T2 but it has been found through
various studies that this slope is more of the order of ~ 2.5 — 3 (e.g., [Edge and Stewart, 1991}
Markevitch et al., 1998a}, |Vikhlinin et al., 2002; [Maughan et al., 2006; Hilton et al., 2012)). The
reason for this is thought to be due to the fact that non-gravitational processes are not included
in the self-similar model. This would increase the temperature of the clusters relative to their
luminosity, specifically the lower mass systems, causing a steepening of the slope to what is seen
through observations. Specific examples of this include the addition of cool core clusters, AGN,

and merging clusters.

Cool core clusters are formed due to the fact that, in the dense cluster core, thermal energy is
radiated as X-ray emission resulting in the gas cooling and condensing. Therefore, these clusters
are cooler and brighter than their self-similar predicted counterparts. Since radiative cooling is
not included in the self-similar model, it causes a bias in the scaling relation. One way of work-
ing around this is to remove the core regions from luminosity and temperature measurements

(e.g., Markevitch et al., |[1998a; Lumb et al.,[2004).

Many cool core clusters also host AGN in the central galaxy, which have jets of relativistic
material which interacts with the surrounding X-ray plasma. The exact mechanisms of this pro-
cess are not understood but it is thought that it might play some part in counteracting the cooling

process. However, similarly to the cool core clusters, the energy input from these AGN is not in-
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cluded in the self-similar model. |Croston et al.|(2005) studied the Lx — T'x relation for low mass
clusters for a variety of clusters with active and inactive AGN and found that the active AGN
were hotter and resulted in a steeper slope than expected (Figure [I.17). This effect is likely to
have less of an effect on the higher mass clusters due to their large gravitational energy, resulting

in the shallower slope of the Lx — T'x relation.

In the self-similar model one of the main assumptions is that the clusters form in a single
collapse but, as discussed in Section this is not true because they form in a hierarchical man-
ner. Mergers cause a spike in the temperature and luminosity of the ICM (Ritchie and Thomas,
2002). However, these spikes are short-lived compared to the mass of the newly formed cluster
(Rowley et al., 2004). It is hard to make an observational comparison for mergers since these

relations hold for clusters in hydrostatic equilibrium and therefore the exact effect is not known.
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Figure 1.17: Image taken from [Croston et al.| (2005) to show how active AGN increase the
temperature of clusters and cause a steepening of the Lx — T'x relation for low mass clusters.
The hollow squares represent the active AGN and the crosses represent the inactive AGN. The
black dots represent studies of radio galaxy environments observed with XMM by (Croston et al.
(2003)) and [Evans et al.| (2005)).
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Even through these many studies, no consensus has been reached on whether the Lx — T'x
relation evolves with redshift. One may expect that the scaling relation would evolve with red-
shift when one of the variables being studied is the temperature of the cluster. This is due to the
increase of star formation and AGN activity at high redshift (e.g., Silverman et al., 2005; Mag-
nelli et al., 2009), or due to the increase in frequency of galaxy cluster mergers with increasing
redshift (e.g., Cohn and Whitel 2005} |[Kay et al., 2007; Mann and Ebeling, 2012). Galaxy cluster
mergers are among the most energetic events in the Universe, and simulations have shown that
these could result in the boosting of cluster X-ray temperatures (e.g., Ritchie and Thomas| 2002;
Randall et al., 2002} Poole et al., [2007). All of these processes add energy into the ICM, and so
we might expect to see an overall increase in the average temperatures of galaxy clusters above

that expected from the self-similar case at a given redshift.

Self-similarity predicts that the evolution of the normalisation will be of the order (1 + z)%.
Some studies have found results consistent with this prediction (e.g.,|Vikhlinin et al., 2002} Lumb
et al., |2004; Maughan et al., 2006), while other studies have found zero or negative evolution
(e.g., Ettori et al., 2004} Branchesi et al., 2007} Hilton et al., 2012; Maughan et al., 2012; |Clerc
et al., 2012} 2014). The presence of cool core clusters may bias the evolution of this relation

since they sit on a higher normalisation Lx — T’y relation (Pratt et al., 2009).

In this thesis, we focus on the lesser studied scaling relation between the velocity dispersion
of member galaxies (0,) and the X-ray temperature (7x) of the intracluster medium (ICM). The
velocity dispersion of a galaxy cluster is a statistical dispersion of the velocities of the cluster
members about the mean velocity of the cluster. The velocity dispersion is a measure of the
kinetic energy of the galaxies in the cluster, and the temperature is related to the kinetic energy
of the gas, therefore both the gas and galaxies are tracers of the gravitational potential (Quintana
and Melnickl, 1982} Kaiser, |1986b; [Voit, 2005). Since the self-similar model is based on the
assumption that only gravitational forces are acting it stands to reason that we can use this model

to predict the form of this relation, by applying it to the virial theorem.



1.4. SCALING RELATIONS 48

If we consider a monatomic gas of temperature T, the average kinetic energy per particle will

have the form:

3

The total kinetic energy of all N particles will then have the form:

KE o< NET o< MguskT. (1.11)

For self-similar models the mass of the gas M,, is proportional to the total mass of the system,

M;ta1, and therefore we get:

KE < NET o< MiotakT. (1.12)

If we combine Equation [I.12] with Equation for the total gravitational potential energy and

substitute into the equation for the virial theorem (Equation[I.4), we get the following:

M, total

kT (1.13)

Substitution of this into Equation[I.§| we can get the expected relationship between the tempera-

ture and the velocity dispersion, oy oc 75,
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The reason for choosing this relation over the Lx — T'x is due to fewer selection effects. In
the Lx — T'x relation the higher luminosity clusters are easier to detect at higher redshift, and
therefore it can introduce a bias into the scaling relation. Since the XCS clusters are selected
on Lx and Lx o T3 we might expect that this would cause us to miss the lower temperature
clusters at higher redshift compared to lower redshift. However, the calculation of the 7'y is not
a straightforward process. As shown in |Lloyd-Davies et al. (2011), it is easier to measure tem-
peratures for lower temperature clusters as they require fewer counts. So although, we may have
selected higher temperature clusters at high redshift compared to at lower redshift values, these
higher temperature clusters may not make it into the sample due to insufficient counts for an
accurate temperature measurement. Therefore, although some selection effects may be present
we do not believe them to play as critical a role as in the Lx — T'x relation. In order to do a com-
plete analysis a full selection function for XCS incorporating these effects is required. However,
this has not yet been computed, and so any correction of possible selection effects is deferred to

future studies.

The velocity dispersion is also used to calculate the mass of the cluster so that the relationship
between the mass and temperature can be studied. By extending the derivation of the o, — T'x

relation we can also the expected relation between the mass and temperature of the cluster.

Starting with Equation[I.13] we can remove the dependence of the radius by expressing it in

1
terms of the mean density of the cluster, R oc M7 ,0_% and re-arrange to obtain:

3
2

MTOT X (/{ZT) pi . (114)

N|=

By definition the mean density of the cluster within radius, R, is p = Ap = A%. The

Hubble constant, H, is dependent on the redshift of the cluster and can therefore be written as

H = E(z)H, where E(z) = \/Q,(1 + 2)3 + Q. Combining this information with Equation
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1.15|we get:

Nl

Mror o (kT)2 E(2)~*. (1.15)

Accurate understanding of these scaling relations will help us to determine if they are evolv-
ing with redshift, which will ultimately help to constrain cosmological parameters and provide a

better understanding of our Universe.

1.5 Cluster Cosmology

Although the concept of the Big Bang Theory has been the accepted model of the origin of the
Universe for a long time, the parameters in the model were only recently measured with any
degree of certainty and consistency. Some of these parameters are the density of matter, its equa-

tion of state, and a curvature parameter to describe the geometry of the Universe.

Since galaxy clusters are the largest gravitationally bound objects in the Universe it is reason-
able to assume that by studying them we may learn valuable information regarding the Universe’s
formation and evolution. Galaxy cluster surveys have been shown to be particularly good at con-
straining two very important cosmological parameters, og and €2,,, (Vikhlinin et al., 2009). og
refers to the RMS dispersion of the mass field after the application of smoothing on a scale of
8 h~! Mpc, while (2, is the mean mass density of the present Universe. These parameters are
constrained by studying the evolution of the number density of these galaxy clusters, above a
given mass, with redshift. This data could also allow us to constrain {2, the energy density com-
ponent of dark energy and the equation of state. Combining this data with information gathered
from CMB studies and observations of Type la supernovae can only improve these constraints

(Allen et al., 2011). There are three important things to consider when using galaxy clusters as
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a means of constraining cosmological parameters: the selection function of the survey, cluster
scaling relations, and the dispersion in the mass function. All of these contribute to predicting
the cluster numbers as a function of redshift and temperature and allow for the studying of their

evolution (Sahlén et al., [2009).

Recent studies in the optical and X-ray bands have proved their power for constraining cos-
mological parameters. Vikhlinin et al. (2009) observed a large sample of X-ray selected clusters
with Chandra and was able to determine a new robust cluster mass function at both high and
low redshift. The evolution of this mass function was then used to constrain the dark energy
equation of state parameter to a value of wy = —1.14 £ 0.21. Combining their data with CMB
anisotropy studies, baryonic acoustic oscillation measurements, and supernovae data they further
constrained this value to wy = —0.991 + 0.005. Similar studies were conducted by Rozo et al.

(2009), Mantz et al.| (2010b)) and [Rozo et al.| (2010).

A newer technique involves exploiting the SZ effect to detect galaxy clusters and constrain
cluster cosmology. Since the SZ signal is not diminished by the luminosity distance of the clus-
ter, it is nearly redshift independent allowing us to probe the high redshift population (Kitayama,
2014). The SZ signal is also proportional to the thermal energy of the ICM and can therefore
be used to estimate the total cluster mass (Amodeo et al.,[2017). Numerical simulations done by
Kravtsov et al.| (2006)), for example, show a tight correlation between the Compton signal, Y, and
the mass. This allows us to extend the current samples obtained via optical and X-ray studies.
Studies with SZ were conducted with various instruments including the South Pole Telescope
(SPT; Vanderlinde et al.l [2010); the Atacama Cosmology Telescope (ACT; Sehgal et al., 2011),

and the Planck satellite (Planck Collaboration et al., [2015]).

With the increase of large surveys of galaxy clusters, we are gaining vast amounts of knowl-
edge and improving our understanding of the Universe, its origin, and its evolution. This thesis

serves as a small component of that increasing knowledge.
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1.6 Thesis Outline

In this thesis we study a sample of 38 galaxy clusters drawn from the XMM Cluster Survey. We
study two important scaling relations, namely the velocity dispersion—temperature (o, — 7x) and
mass—temperature (Mqy,—1") relations. We also study the evolution of the o, — Tx relation. We
make comparisons to previous studies and give examples of improvements we offer. We con-
sider what information can be gained from studying galaxy clusters in the radio wavelength and

discuss what effect it may have on our scaling relations.

This thesis comprises six chapters. The layout of each is summarised below:

e Chapter[2} In this chapter, we describe our sample chosen for this study. We look at galaxy

cluster member classification and the calculation of the redshift of each cluster.

e Chapter [3; This chapter presents the velocity dispersion—temperature relation. We show
the method used to calculate the velocity dispersion and discuss the Markov Chain Monte-
Carlo (MCMC) analysis that was used provide a fit for our data. We make comparisons
to previous studies and simulations of the o, — Tx. We also study the evolution of this

relation.

e Chapter i} Here we present the mass—temperature scaling relation determined using our
sample of galaxy clusters and the same MCMC analysis used in Chapter 3. We make
comparisons to previous studies and compare X-ray and dynamical masses. We also look

at mass ratios and discuss the hydrostatic mass bias.

e Chapter[S] We discuss radio observations of clusters in this chapter. We discuss the back-
ground of radio halos and their possibility of being linked to mergers of galaxy clusters.

We also present new VLA observations of 3 galaxy clusters from our sample.
e Chapter[6} This chapter includes a conclusion to this thesis and possible future work.

We assume a cosmology with ,,, = 0.27, Q, = 0.73, and Hy = 70kms~ Mpc~! through-

out.



CHAPTER 2

OPTICAL OBSERVATIONS AND THE
CLUSTER SAMPLE

For this thesis, the velocity dispersion and mass of a sample of clusters will be calculated and
the relation between these properties and temperature will be studied. In order to determine the
velocity dispersion of a cluster the cluster members and their redshifts are required. Therefore,
in this chapter, we discuss cluster membership and obtain a sample of 38 clusters, broken up into

two samples - a low redshift sample and a high redshift sample.

2.1 Origin of the sample

The cluster sample for this work is drawn from the XMM Cluster Survey (XCS), a serendipitous
X-ray cluster survey being conducted using archival XMM-Newton data. Data Release 1 (DR1)
of the XCS is described in [Mehrtens et al.| (2012). The overall aims of the XCS project are to
measure cosmological parameters through the evolution of the cluster mass function with red-
shift (Sahlén et al., 2009), study the evolution of galaxies in clusters (Collins et al., 2009; Hilton

et al., 2009, 2010; Stott et al., 2010), and investigate the X-ray scaling relations as a way to study

53
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the evolution of the cluster gas with redshift (Hilton et al., 2012).

The XCS Automated Pipeline Algorithm (XAPA) described in [Lloyd-Davies et al.| (2011)
was used to search the XMM archive for cluster candidates. Mehrtens et al.| (2012) describes
confirmation of a subset of these candidates as clusters using the combination of data from the
literature and optical follow-up observations. This left a final sample of 503 X-ray-confirmed
galaxy clusters, 255 which were previously unknown and 356 of which were new X-ray detec-

tions. Of these, 464 have redshift estimates, and 402 have temperature measurements.

For XCS-DRI1 the cluster-averaged X-ray temperatures (7'y) were measured using an au-
tomated pipeline described in detail in |Lloyd-Davies et al.| (2011). In summary this pipeline
operates as follows. First, spectra were generated in the 0.3 — 7.9 keV band using photons in
the XAPA source ellipse, which corresponds to 0.08 — 0.56 of Rs5q, with a median value of
0.36 R5p9. Rs0p is calculated using Equation 2 and Table 2 from Arnaud et al.[(2005)). An in-
field background subtraction method was used before fitting a model. Finally, the model fitting
was carried out using the XSPEC software (Schafer, |1991)), using an absorbed MEKAL model
(Mewe and Schrijver, 1986) and Cash statistics (Cashl [1979). In the fit, the hydrogen column

density was fixed to the Dickey (1990) value and the metal abundance to 0.3 times the Solar value.

For this thesis, we have updated the T'x values compared to Mehrtens et al. (2012). The
pipeline is very similar to that described in [Lloyd-Davies et al.| (2011]), but using updated ver-
sions of the XMM calibration and XSPEC. The median X-ray count for all the clusters in our
final sample was 1919 with a minimum count of 220. We note that the X-ray counts used for
the spectral analysis are less than 300 for only one of the clusters in our sample. This is the
minimum threshold defined by |Lloyd-Davies et al. (201 1) for reliable, i.e., with a fractional error
of < 0.4, T'x measurements at Ty > 5 keV (see Figure 16 from |Lloyd-Davies et al.[[2011). This
low-count cluster was fit using 220 counts, however it still has an expected fractional error of ~

0.4 due to its temperature value of 3.5 keV.
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The low and high redshift samples required were both constructed from XCS DRI, except
for XMMXCSJ113602.9-032943.2. This cluster, which belongs to our high redshift sample, is a
previously unreported XCS detection. The method used to determine our sample is described in

schematic form in Figure 2.1]

METHOD FOR FINDING SAMPLES
Taken from the XCS DR1
(Section 2.1)
LOW REDSHIFT SAMPLE HIGH REDSHIFT SAMPLE
OVE UNSUIT: E UBSE:E«':HONS t VALUES
CANDIDATES FROM XCSDR1
- Exclude clusters with z > 0.5
-Exclude clusters without T
GMOS Taken from
- 12 clusters observed Nastasi et al.(2014)
SEARCH FOR REDSHIFTS ilDal o .Rh: d'l:':“,"“ d -7 dlusters
- Search NED for galaxies T he obtaine
surrounding each cluster with
spectroscopic redshifts
ITERATURE TEMPERATURE
L SEARCH CALCULATION
REMOVE GALAXIES THAT ARE - Existing data to | pume | - Temperatures of ll
TOO FAR AWAY supplement llt‘eralum‘ data
- Calculate R200 using high velocity e — obtained using XCS
dispersion and remove galaxies T e et pipeline.
outside this region. al.(2014) or KECK)

Y

CLUSTER MEMBERSHIP DETERMINED
- Cluster redshifts calculated
-Members determined using fixed gapper method
-Clusters with less than 10 galaxies excluded

Figure 2.1: Schematic showing how the sample used in the analysis of this thesis is selected.
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2.2 Low redshift sample

The low redshift sample contains 19 clusters whose properties can be found in Table[2.3] In order

to obtain this sample we used the following steps:

Step 1: All clusters from the DR1 sample that did not have temperatures or which had a redshift

z > 0.5 were excluded, leaving us with a sample of 320 clusters.

Step 2: We performed a search in NEDF_] for galaxies surrounding each cluster. We included only
clusters which had spectroscopic redshifts, resulting in our sample size being decreased from
320 to 296. Since NED collects data from many different sources the reliability of the redshifts
can not be guaranteed. Hence, where possible we use only one source of redshifts per cluster to
ensure homogeneity. These redshifts are specified to the 4th decimal place but unfortunately for
most an uncertainty is not included in the original sample and we therefore assumed an accuracy
of 1%. This corresponds to an error in peculiar velocity between 3 x 10° m.s™! and 1.5 x 10°

m.s~! depending on the redshift.

Step 3: We excluded galaxies located at a projected radial distance greater than Ry (the radius
within which the mean density is 200 times the critical density of the Universe at the cluster

redshift) as such galaxies are unlikely to be cluster members. Ryy, was calculated using,

v 1
R200 (MpC) =247 U

. . 2.1
1000kms 1 \/Qx + Qo(1 + 2)? 2.1)

Here o, is the line of sight velocity dispersion (see Section[I.4] with the calculation discussed in

Section [3.2)) and z is the redshift of the cluster. To ensure we did not exclude possible members,

I'This research has made use of the NASA/IPAC Extragalactic Database (NED) which is operated by the Jet
Propulsion Laboratory, California Institute of Technology, under contract with the National Aeronautics and Space

Administration.
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for this initial step Rogo was calculated using a fiducial velocity dispersion of 2000 km s~ fol-
lowing [Finn et al| (2005). Equation [2.1] assumes that the galaxy velocity distribution follows an

isothermal sphere dark matter profile. The fiducial Ry values span the range 2—4 Mpc.

Step 4: The final cluster members are chosen using the process discussed in Section [2.4

2.3 High redshift sample

The high redshift sample is made up of 19 clusters whose properties can be found in Table 2.4]

This sample is composed of data taken from new observations and previous literature studies.

2.3.1 Clusters from literature

Seven clusters in our sample used data obtained from Nastasi et al. (2014), who drew on both
new observations and on existing data. Three of the Nastasi et al.| (2014)) clusters that form part of
our sample were previously observed. XMMXCS J105659.5-033728.0 also known as MS1054-
03 was observed with Keck for 8.6 hours (Iran et al., [1999). XMMXCS J114023.0+660819.0
was observed with Keck (Donahue et al., [1999). XMMXCS J182132.9+682755.0 also known as
RXJ1821.6+6827 was observed with CFHT, Keck and the 2.2 m telescope at the University of
Hawaii (Gioia et al., 2004]).

The observations of the other four clusters were presented for the first time in Nastasi et al.
(2014). These four were discovered independently (to XCS) by the XMM Newton Distant Clus-
ter Project (XDCP; Fassbender et al., |2011) and were observed with the VLT-FORS?2 specto-
graph. [Nastasi et al. (2014) also presented galaxy redshift data for another six XDCP clusters,
however we have not used those in this thesis because there are insufficient galaxies to derive an

accurate velocity dispersio

2The methodology described in Section was applied to these six clusters before they were excluded.
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For all seven of the included clusters from Nastasi et al. (2014), new temperatures were
obtained using XCS pipelines. The Nastasi et al. (2014) cluster redshifts were used to confirm

membership using the process discussed in Section [2.4

2.3.2 New observations

Galaxy clusters from XCS with z > 0.5 and temperatures measured with 300 counts were chosen
for spectroscopic follow-up. Observations of 12 of these clusters were obtained using the Gemini

Multi Object Spectographs (GMOS) on both the Gemini telescopes from 2010 to 2012.

2.3.2.1 Observations

The nod-and-shuffle mode (Glazebrook and Bland-Hawthorn, [2001) was used to allow better sky
subtraction and shorter slit lengths when compared to conventional techniques. For all observa-
tions the R400 grating and OG515 order blocking filter were used, giving wavelength coverage
of 5400 — 9700 A. The GMOS field of view samples out to Rsq at the redshifts of our sample
Siton et al. (2013). A total of 30 masks were observed with a varying number of target slitlets.
Each slitlet had length 3” and width 1”. Target galaxies were selected to be fainter than the
brightest cluster galaxy (which was also targeted in the slit masks), on the basis of i-band pre-
imaging obtained from Gemini. We also used colour or photo-z information, where available,
to maximise our efficiency in targeting cluster members. For five clusters which had r, z-band
photometry from the National Optical Astronomy Observatory—XMM Cluster Survey (NXS; de-
scribed in Mehrtens et al.,[2012)), we preferentially selected galaxies with 7 — z colours expected
for passively evolving galaxies at the cluster redshift (see Mehrtens et al., 2012, for details).
For four clusters, we used photometric redshifts for galaxies from SDSS DR7 (Abazajian et al.,
2009). For XMMXCS J113602.9-032943.2, we used galaxy photo-z’s that were measured from
our own 77z photometry obtained at the William Herschel Telescope (WHT) on May 5, 2011.
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Observations at three different central wavelengths (7500, 7550 and 7600 /OX) were used to
obtain coverage over the gaps between the GMOS CCDs. For all observations, an 85 percentile
image quality and 50 percentile sky transparency were requested. The details of the individual

observations are given in Table

2.3.2.2 Spectroscopic data reduction

The data were reduced in a similar manner to |Hilton et al. (2010), using PYRAF and the Gem-
ini IRAFE] package. We used the tools from this package to subtract bias frames, make flat
fields, apply flat field corrections, and create mosaic images. We then applied nod-and-shuffle
sky subtraction using the gnsskysub task. Wavelength calibration was determined from arc
frames taken between the science frames, using standard IRAF tasks. All data were then com-
bined using a median, rejecting bad pixels using a mask constructed from the nod-and-shuffle
dark frames. Finally, we combined the pairs of spectra corresponding to each nod position, and

extracted one-dimensional spectra using a simple boxcar algorithm.

SIRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association

of Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation.



Table 2.1: Spectroscopic observations log. For all observations the R400 grating and the OGS515 filter was

used.
Cluster Name Mask Slits | Airmass Range | Observation Date Frames (s) Seeing (/7)
XMMXCS GS2012B-Q-011-03 | 33 1.22 2012-10-19 1x 1830
J005656.6-274031.9
" ; 1.48 -1.76 2012-10-16 2 x 1830
" " 1.01 -1.04 2012-10-15 3x 1830 0.76 — 0.80
" GS2012B-Q-011-04 | 35 1.05-1.35 2012-11-14 4 x 1830
XMMXCS GS2011B-Q-050-01 | 33 1.05-1.21 2011-12-02 6 x 1830
J015241.1-133855.9
" GS2011B-Q-050-02 | 34 1.05-1.65 2011-12-03 6 x 1830
XMMXCS GS2012B-Q-011-06 | 34 1.14-1.48 2012-12-05 4 x 1830
J021734.7-051326.9
XMMXCS GS2012B-Q-011-09 | 32 1.11-1.20 2012-11-24 2 x 1830
J025006.4-310400.8
" " 1.01-1.19 2012-11-21 4 x 1830
" GS2010B-Q-046-06 | 35 1.06 - 1.12 2010-11-14 2 x 1830 0.50 - 0.60
" " 1.06 — 1.44 2010-11-13 5x 1830, 1x 762 1
XMMXCS GS2011B-Q-050-03 | 32 1.17 2011-12-01 1 x 1830
J030205.1-000003.6
; " 1.18 2011-11-20 1 x 1098
" " 1.17-1.45 2011-11-18 4 x 1830
" GS2011B-Q-050-04 | 32 1.32 2011-12-31 1 x 1098
" " 1.23-1.74 2011-12-30 4 x 1830 0.85-1.40
" GS2011B-Q-050-05 | 33 1.27 - 1.57 2012-01-17 2 x 1830 0.7
XMMXCS GS2010B-Q-046-02 | 35 1.19-1.23 2011-01-09 3x 1830
J095940.7+023113.4
" " 1.19-1.25 2011-01-08 4 x 1830
" GS-2012A-Q-46-01 | 35 1.19-1.29 2012-03-18 4 x 1830

Continued on next page




Table 2.1 — continued from previous page

Cluster Name Mask Slits | Airmass Range | Observation Date Frames (s) Seeing (//)
" " 1.19-1.23 2012-03-02 2 x 1830
" GS-2012A-Q-46-02 | 34 1.20-1.35 2012-03-27 3x 1830
" " 1.23 -1.46 2012-03-23 3x 1830 0.8
" GS-2012A-Q-46-03 | 34 1.21 - 1.54 2012-03-22 6 x 1830 0.65-0.70
XMMXCS GS-2012A-Q-46-05 | 33 1.23-1.33 2012-04-22 5x 1830
J112349.34+052956.8
" " 1.47 2012-04-21 1 x 1830
" GS-2012A-Q-46-06 | 32 1.25-1.65 2012-05-15 4 x 1830 0.63-0.76
: " 1.45-1.66 2012-04-22 2 x 1830
" GS2010B-Q-046-03 | 33 1.26 2011-01-31 1 x 1830
" " 1.35-1.64 2011-01-29 2x1525,1x975
" " 1.23-1.24 2011-01-27 2x 1830
XMMXCS GS-2012A-Q-46-07 | 36 1.14 2012-05-24 1 x 1830
J113602.9-032943.2
" " 1.12 2012-05-23 1 x 1830
" " 1.12-1.16 2012-05-20 3x 1830
" " 1.12 2012-05-19 1 x 1830
" GS-2012A-Q-46-08 | 33 1.48 - 1.76 2012-07-15 2 x 1830
" " 1.41-1.80 2012-07-11 3x 1830 0.50-0.70
" " 1.5 2012-07-10 1 x 1830
XMMXCS GS-2012A-Q-46-10 | 36 1.16 -1.23 2012-05-24 4 x 1830
J134305.1-000056.8
" " 1.24 2012-05-21 1 x 1830
" GS-2012A-Q-46-11 | 34 1.25 2012-07-10 1 x 1830
" " 1.16 -1.19 2012-07-09 2 x 1830
" " 1.2 2012-07-06 1 x 1830
" " 1.54-1.84 2012-06-22 2 x 1830
XMMXCS GN2012A-Q-070-05 | 32 1.02 - 1.05 2012-07-09 2 x 1800 1.15

J145009.3+090428.8

Continued on next page




Table 2.1 — continued from previous page

Cluster Name Mask Slits | Airmass Range | Observation Date Frames (s) Seeing (//)
" " 1.11-1.62 2012-06-26 4 x 1800 0.84 - 0.98
" GN2012A-Q-070-06 | 34 1.02 -1.04 2012-07-07 2 x 1800
" " 1.09 - 1.17 2012-07-06 2 x 1800
" " 1.48 -1.79 2012-06-27 2 x 1800
" GN2012A-Q-070-07 | 33 1.22 -1.59 2012-07-22 3 x 1800
" " 1.04-1.16 2012-07-08 3 x 1800 1
XMMXCS GS2010B—-Q-046-04 | 36 1.14-1.24 2010-11-12 2 x 1830
J215221.0-273022.6
: " 1.02-1.21 2010-09-14 4x 1830
" GS2011B-Q-050-06 | 34 1.07 - 1.15 2011-10-05 2 x 1830
" ; 1.12-1.56 2011-09-18 4 x 1830 0.60 —1.00
" GS2011B-Q-050-07 | 34 1.00-1.10 2011-10-24 4 x 1830
" " 1.05-1.12 2011-10-16 2 x 1830
XMMXCS GN2012A-Q-070-10 | 34 1.37 2012-08-08 1 x 1800 0.60 - 0.68
J230247.7+084355.9
" " 1.02-1.11 2012-07-30 5x 1800 0.43 -0.86
" GN2012A-Q-070-11 | 33 1.18 - 1.31 2012-08-13 2 x 1800
" " 1.02 - 1.08 2012-08-09 3x1800 0.60 - 0.68
" ; 1.19 2012-08-08 1 x 1800 1
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2.3.2.3 Galaxy redshift measurements

We measured galaxy redshifts from the spectra by cross-correlation with SDSS spectral tem-
platef] using the RVSAO/XCSAO package for IRAF (Kurtz and Mink, [1998). XCSAO im-
plements the method described by [Tonry and Davis| (1979). The spectra were compared to six
different templates over varying redshifts with the final redshift measurement being determined
after visual inspection. Redshifts were assigned a quality flag according to the following scheme:
() = 3 corresponds to two or more strongly detected features; () = 2 refers to one strongly de-
tected or two weakly detected features; () = 1 indicates one weakly detected feature; and () = 0

applies when no features could be identified.

The features used were spectral lines, with the most commonly identified being [O11] 3727 A,
H, K, Hf, and the [O111] 4959, 5007 A lines. Only galaxies with a quality rating of () > 2 were
used in this study because these have reasonably secure redshifts. Fig[2.2] shows spectra of
some member galaxies of the cluster XMMXCS J025006.4-310400.8 as an example. Tables of
redshifts for galaxies in each cluster field as well as histograms depicting the included/excluded
members and the best-fit Gaussian can be found in Appendix [Al Table found at the end of
this chapter, lists the galaxy redshifts for cluster XMMXCS J025006.4-310400.8, and is shown

in Figure[2.2]as an example.

2.4 Membership determination

In this section we describe the methodology used to determine cluster membership based on the
redshifts of the galaxies in the cluster and take a look at our final samples. This method is based

on the code developed for use in Kirk et al.|(2015]).

“http://www.sdss.org/dr7/algorithms/spectemplates/index.html
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Figure 2.2: The 2=0.91 cluster XMMXCS J025006.4 — 310400.8. The left hand panel shows
the Gemini i-band image overlayed with the X-ray contours in blue. The red squares represent
possible galaxy cluster members. Each possible member is labelled Mx.y, where x is the mask
number and y is the object ID. The right hand panel shows the Gemini spectra (black lines) for
a subset of these galaxies. The grey bands indicate regions affected by telluric absorption lines.
The red line is the best fit SDSS template. The green dotted vertical lines show the positions of
the H and K lines at the galaxy redshift.

2.4.1 Cluster redshifts

For all of the clusters an estimate of the redshift is known either from the literature or from
previous observations and this is used as a starting point. The peculiar velocity of each of the

galaxies is calculated relative to this redshift estimate using

5 2.2)

where v; is the peculiar velocity of the ith galaxy, z; is the redshift of the :th galaxy, z is the
redshift of the cluster, and c is the speed of light. Extreme foreground and background sources
were removed by applying a 3000 km s~! cut with respect to the cluster redshift and then the red-
shift was recalculated using the biweight location method described by Beers et al.| (1990). This

process was iterated until the redshift converged. The redshift errors were then calculated via
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bootstrap resampling. Bootstrapping is a statistical technique in which we do random sampling

with replacement and calculate confidence intervals on our samples.

2.4.2 Cluster membership

A fixed gapper method, similar to that of Fadda et al. (1996) and (Crawford et al. (2014), was ap-
plied to determine which galaxies are cluster members. The reasoning behind this method is that
by studying a histogram of the redshifts of possible members there should be a clear distinction
between the cluster and the fore/background galaxies. Therefore, we can exclude interlopers by
finding the velocity difference between adjacent galaxies and setting a fixed gap that should not

1 which avoids

be exceeded. De Propris et al.[(2002) found this optimum gap to be 1000 km s~
the merging of subclusters but also prevents the breaking up of real systems into smaller groups.
The peculiar velocity for each galaxy was calculated relative to the cluster redshift, assuming
they are cluster members using Equation[2.2] The galaxies were then sorted by peculiar velocity
and the difference between all adjacent pairs was calculated. Any galaxies which had a difference
between adjacent galaxies of greater than 1000 km s~! were considered interlopers and were re-
moved. This process was iterated until the number of galaxies converged. Redshift histograms
with overlaid Gaussians for each clusteer are given in Appendix A. These plots show that all
of our clusters are virialised and suggest no evidence of substructure. [Sifon et al.|(2015) found
that if you probe out to a reasonable fraction of Rygy when determining velocity dispersions,

then your mass calculations will not be biased by the spatial distribution of the clusters. Combin-

ing our plots with these findings allows us to proceed with confidence with our mass calculations.

2.4.3 Final samples

Once the final members had been determined for each cluster, all clusters which had less than 10
galaxies were excluded. Beers et al.|(1990) tested a variety of velocity dispersion on estimators

on three sample sizes, tiny (N=5), medium (N=10) and intermediate (20<N<50). They found
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Figure 2.3: The redshift and temperature distributions of the low and high redshift cluster sam-
ples used in this work. The solid grey marks the low redshift sample (z < 0.5) and the di-
agonally shaded region marks the high redshift sample (z > 0.5). Note that the high redshift
sample (T neqian = 4.5 keV) contains more high temperature clusters than the low redshift sam-

ple (T inedian = 3.0 keV).

that for tiny sample sizes the bi-weight estimator could not be used but for the medium and in-
termediate samples it produced the best results. Therefore, clusters with 10 or more galaxies will
be sufficient for accurate velocity dispersion calculations. This cut resulted in both the low and

high redshift samples each containing 19 clusters.

Fig. [2.3] shows the redshift and temperature distributions of the two samples. The high red-
shift sample contains more high temperature clusters than the low redshift sample, which may be
due to selection effects which result in higher luminosity, and hence higher temperature clusters,
being chosen at higher redshift. The effect of this on our fitting will be discussed in Section ??.

In Tables [2.3] and [2.4] found at the end of this chapter, we give the calculated redshifts of
each cluster and compare them to literature values. We also include the total number of galaxies

determined to be members of each cluster.
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2.5 Conclusion

In this chapter we introduced the samples used in our studies. We chose a set of two samples,
both of which were taken from the XCS DRI, split by redshift. For the low redshift sample
(# < 0.5) we used NED to determine redshifts for galaxies surrounding our clusters. The high
redshift sample (z > 0.5) used spectroscopic results taken with the Gemini telescopes to identify
redshifts. A fixed gapper method was applied to both these samples to determine which galaxies

belonged to each cluster and to obtain a final redshift of each cluster.



Table 2.2: We depict the galaxy redshifts for the cluster XMMXCS J025006.4-310400.8. Column 1 gives
an arbitrary ID for each galaxy, columns 2 and 3 give the right ascension and declination respectively, and
column 4 gives the redshift of the galaxy. Column 5 gives the quality flag as explained in Section [2.3.2.3]and
column 6 shows whether or not the galaxy was included as a member for the determination of the velocity

dispersion.

ID Mask RA(J2000) Dec(J2000) zZ Quality | Member

1 | GS-2010B-Q-46-06 | 02"50™22.92% | -31°03'53.0” | 0.8337 3

8 | GS-2010B-Q-46-06 | 02150™15.25°% | -31°03/33.5" | 0.7263 3

9 | GS-2010B-Q-46-06 | 02"50™13.27° | -31°03'35.7" | 0.6168 3

10 | GS-2010B-Q-46-06 | 02"50™12.05°% | -31°03/08.0" | 0.7146 3

14 | GS-2010B-Q-46-06 | 02"50™06.63° | -31°03'13.7” | 0.8496 3

15 | GS-2010B-Q-46-06 | 02850™08.70° | -31°03/49.7" | 0.9052 3 v
16 | GS-2010B-Q-46-06 | 02"50™03.78° | -31°03/51.5" | 0.3533 3

17 | GS-2010B-Q-46-06 | 02850™06.89° | -31°03/51.5" | 0.9217 3 V
18 | GS-2010B-Q-46-06 | 02"50™05.48° | -31°03/53.0" | 0.6972 3

19 | GS-2010B-Q-46-06 | 02250™04.50° | -31°03'51.5” | 0.9149 3 V
21 | GS-2010B-Q-46-06 | 02850™02.79° | -31°04'04.9” | 0.9831 3
22 | GS-2010B-Q-46-06 | 02250™06.48° | -31°03/56.9” | 0.9069 3 Vv
23 | GS-2010B-Q-46-06 | 02850™09.04° | -31°04'06.3" | 0.7567 3
25 | GS-2010B-Q-46-06 | 02250™03.83% | -31°04/34.0” | 0.8988 3 V
26 | GS-2010B-Q-46-06 | 02"50™04.24° | -31°04'50.6” | 0.9095 3 V
28 | GS-2010B-Q-46-06 | 02250™04.59° | -31°05'41.7" | 0.6197 3

34 | GS-2010B-Q-46-06 | 02250™04.26° | -31°07'05.2" | 0.1261 3

1 | GS-2012B-Q-011-09 | 02"50™22.92% | -31°03'53.0” | 0.5924 2

2 | GS-2012B-Q-011-09 | 02"50™18.11° | -31°03'10.5” | 0.9326 2

4 | GS-2012B-Q-011-09 | 02"50™16.05° | -31°03'23.1” | 1.0077 2

5 | GS-2012B-Q-011-09 | 02"50™14.89% | -31°03/32.1" | 0.7245 3

6 | GS-2012B-Q-011-09 | 0250™14.94° | -31°02'56.8" | 0.9927 2

Continued on next page
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ID Mask RA(J2000) Dec(J2000) z Quality | Member
9 | GS-2012B-Q-011-09 | 02"50™08.98° | -31°03'01.1” | 0.9086 3 Vv
10 | GS-2012B-Q-011-09 | 02"50™10.24° | -31°03'27.8” | 0.9056 3 Vv
11 | GS-2012B-Q-011-09 | 02"50™07.01% | -31°01'00.9” | 0.5204 3
13 | GS-2012B-Q-011-09 | 02"50™06.54° | -31°03'44.7" | 0.9126 3 V
17 | GS-2012B-Q-011-09 | 02"50™03.99% | -31°03/53.0" | 0.9176 3 V
18 | GS-2012B-Q-011-09 | 02"50™07.33% | -31°04'10.6” | 0.9106 3 V
19 | GS-2012B-Q-011-09 | 02"50™02.67° | -31°03'26.0" | 0.9797 3
20 | GS-2012B-Q-011-09 | 02250™07.38° | -31°05'28.7" | 0.6494 2
21 | GS-2012B-Q-011-09 | 02249™58.10° | -31°03/39.6” | 0.8696 3 V
22 | GS-2012B-Q-011-09 | 02250™05.48° | -31°04'40.5” | 0.9026 2
27 | GS-2012B-Q-011-09 | 02"49™58.68° | -31°05'25.8" | 0.6274 3
28 | GS-2012B-Q-011-09 | 02"49™59.99% | -31°05'07.8" | 0.8816 2
29 | GS-2012B-Q-011-09 | 02849™58.60° | -31°04'59.2” | 0.9216 3 V
30 | GS-2012B-Q-011-09 | 02250™00.51° | -31°04'44.5" | 0.5654 3
31 | GS-2012B-Q-011-09 | 02250™04.26° | -31°07'05.2" | 0.9827 3




Table 2.3: Low redshift sample (0.0 < z < 0.5): column 1 gives the name of the XCS Cluster, columns 2
and 3 give its J2000 right ascension and declination. Column 4 gives the redshift, with the uncertainty found
using bootstrapping. Column 5 and 6 give the redshift from the literature and its corresponding reference.
Column 7 gives the temperature of the cluster as given by the XCS pipeline and column 8 gives the number
of confirmed members for each cluster. Column 9 gives the number of sources that the redshifts were taken

from.
Cluster Name RA DEC z Zlit z1;+ Reference Tx No. | Sources
(J2000) (J2000) keV

XMMXCS 00"00™13.9° | -25°10'52.1” | 0.0845 + 0.0004 | 0.08 | Mehrtens et al.[(2012) | 1.8 7037 | 19 3
J000013.9-251052.1

XMMXCS 00"34™30.1° | -43°19'05.6” | 0.3958 +0.001 | 0.4 | Mehrtens etal.[(2012) | 3.5 732 | 22 2
J003430.1-431905.6

XMMXCS 00"56™03.0° | -37°32/48.0" | 0.1659 + 0.0009 | 0.16 |  [Cappi et al.|(1998) 527530 | 22 2
J005603.0-373248.0

XMMXCS 01153™15.0° | +01°02'14.2” | 0.0593 & 0.0002 | 0.06 |  |Yoon et al.|(2008) 1.08 005 | 12 4
J015315.0+010214.2

XMMXCS 07"20™54.3° | +71°0900.5” | 0.2309 + 0.0005 | 0.23 | Mulchaey et al./(2006) | 2.9 703 | 29 2
J072054.3+710900.5

XMMXCS 08"19™18.6° | +70°54'57.5" | 0.2298 + 0.0005 | 0.23 | |Vikhlinin etal.|(1998) | 3 *58° | 19 1
J081918.6+705457.5

XMMXCS 09"43™58.25 | +16°41'20.7" | 0.2539 4 0.0005 | 0.25 | Mehrtens et al.[(2012) | 1.5 153° | 27 1
J094358.2+164120.7

XMMXCS 09"59™57.6° | +25°16/29.0” | 0.0523 + 0.0005 | 0.08 | [Takey et al.|(2013) 141002 | 15 3
J095957.6+251629.0

XMMXCS 10t00™47.4° | +01°39'26.9” | 0.2202 4 0.0006 | 0.22 Finoguenov et al. 337030 | 16 5
J100047.4+013926.9 (2007)

XMMXCS 10"01™41.7° | +02°25'39.8" | 0.1233 £ 0.0005 | 0.12 | [Takey etal.[(2011) | 1.43 *9:9 | 26 3

J100141.7+022539.8

Continued on next page
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Cluster Name RA DEC z Zlit z1;+ Reference Tx No. | Sources
(J2000) (J2000) keV

XMMXCS 10740™44.45 | +39°57'10.4" | 0.1389 + 0.0007 | 0.16 Hao et al.[(2010) 3.54 700117 5
J104044.4+395710.4

XMMXCS 11"15™15.6° | +53°19/49.5" | 0.4663 + 0.001 | 0.47 | [Hennawi et al.|(2008) | 5.4 1% | 16 2
J111515.6+531949.5

XMMXCS 11851™12.0° | +55°06/55.5” | 0.0791 & 0.0003 | 0.08 Struble and Rood 1.66 7001 | 16 2
J115112.0+550655.5 (1999)

XMMXCS 12"31744.4% | +41°37'32.0” | 0.1735 4 0.0009 | 0.18 | [Burenin et al./(2007) | 2.7 T3 | 10 1
J123144.4+413732.0

XMMXCS 15"16™18.6° | +00°05'31.3” | 0.12 +0.0005 | 0.13 | [Koester et al.|(2007a) | 5.4 T01° | 35 4
J151618.6+000531.3

XMMXCS 16"11™32.75 | +54°16/28.3” | 0.3372 £ 0.0013 | 0.33 | [Takey et al.|(2011) 461520 | 12 1
J161132.7+541628.3

XMMXCS 16"30™15.6° | +24°34/23.2” | 0.0625 + 0.0003 | 0.07 | Mullis et al.|(2003) 351090 | 62 3
J163015.6+243423.2

XMMXCS 22P39m39.3% | -05°43/27.4" | 0.2451 + 0.0003 | 0.24 |  Mullis et al.|(2003) 2.8 1520 | 68 1
J223939.3-054327.4

XMMXCS 23037m57.0° | +27°11/21.0” | 0.1237 + 0.0007 | 0.12 Sakelliou and 3471090 1 12 4

J233757.0+271121.0

Merrifield|(1998)




Table 2.4: High redshift sample (0.5 < z < 1.0):column 1 gives the name of the XCS Cluster, columns 2
and 3 give its J2000 right ascension and declination. Column 4 gives the redshift, with the uncertainty found
using bootstrapping. Column 5 and 6 give the redshift from the literature and its corresponding reference.
Column 7 gives the temperature of the cluster as given by the XCS pipeline. Column 8 gives whether this is
a new detection (N) or whether the data is from the literature (L). Column 9 gives the number of confirmed
members for each cluster.

Cluster Name RA DEC z Zlit z1;+ Reference Tx Observation | No.
(J2000) (J2000) keV
XMMXCS 00"02™16.1° | -35°56'33.8” | 0.7709 + 0.0021 | 0.77 Nastasi et al.[(2014) 4.83 70 L 13
J000216.1-355633.8
XMMXCS 00"56™56.6° | -27°40'31.9” | 0.5601 + 0.0007 | 0.56 Scharf et al.[(1997) 3.30 F0s N 15
J005656.6-274031.9
XMMXCS 01h52m41.1% | -13°38/55.9” | 0.8268 4+ 0.0010 | 0.82 | |Mehrtens et al.[(2012) | 3.23 *0-3% N 29
J015241.1-133855.9
XMMXCS 02M17m34.75 | -05°13/26.9” | 0.6467 4 0.0012 | 0.65 Adami et al.[(2011) 2.23 1090 N 12
J021734.7-051326.9
XMMXCS 02850™06.4° | -31°0400.8” | 0.9100 + 0.0024 | 0.90 Scharf et al.|(1997) 4.50 *538 N 13
J025006.4-310400.8
XMMXCS 03"02™05.1% | -00°00'03.6” | 0.6450 4 0.0007 | 0.65 Suhada et al.|(2011) 5.82 1299 N 16
J030205.1-000003.6
XMMXCS 09"54m17.1% | -17°38/05.9” | 0.8272 4+ 0.0017 | 0.82 Nastasi et al.|(2014) 3.65 58 L 10
J095417.1-173805.9
XMMXCS 09"59™40.7% | +02°31'13.4” | 0.7291 4+ 0.0005 | 0.72 | [Bellagamba et al.[(2011) | 5.02 *3% N 25
J095940.7+023113.4
XMMXCS 10856™59.5° | -03°3728.0” | 0.8336 & 0.0013 | 0.82 | [Gioia and Luppino|(1994) | 7.57 *5:4 L 29
J105659.5-033728.0
XMMXCS 11h23m49.4% | +05°29'55.1” | 0.6550 & 0.0007 | 0.65 | |Mehrtens et al.[(2012) | 4.62 7352 N 17

J112349.44+052955.1

Continued on next page
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Cluster Name RA DEC z Zlit z1;+ Reference Tx Observation | No.
(J2000) (J2000) keV
XMMXCS 11"36™02.9° | -03°29'43.2” | 0.8297 + 0.0011 332 0% N 21
J113602.9-032943.2
XMMXCS 11%40m23.9% | +66°08'19.0” | 0.7855 + 0.0015 | 0.78 | Gioia and Luppino|(1994) | 7.47 1022 L 22
J114023.0+660819.0
XMMXCS 12743m12.25 | 13°13/07.2” | 0.7910 £ 0.0014 | 0.80 Nastasi et al.|(2014) 4.92 323 L 11
J124312.2+131307.2
XMMXCS 13"43™05.1° | -00°00'56.8” | 0.6894 4 0.0011 | 0.67 | [Basilakos et al.[(2004) | 4.49 *)-I2 N 23
J134305.1-000056.8
XMMXCS 14050™09.3° | +09°04'28.8" | 0.6412 4 0.0007 | 0.60 | Mehrtens et al.[(2012) | 3.84 F3:% N 22
J145009.3+090428.8
XMMXCS 18721732.9% | +68°27'55.0” | 0.8166 + 0.0011 | 0.82 Gioia et al.|[(2004) 4.49 7018 L 19
J182132.9+682755.0
XMMXCS 21h52m21.0° | -27°30'22.6” | 0.8276 &+ 0.0011 | 0.82 | Mehrtens et al.|(2012) | 2.18 F%I N 15
J215221.0-273022.6
XMMXCS 23102m47.7% | +08°43/55.9" | 0.7187 4+ 0.0014 | 0.72 |  |Perlman et al.[(2002) | 5.29 "0 N 22
J230247.7+084355.9
XMMXCS 23156™16.4% | -34°41'44.3" | 0.9391 + 0.0012 | 0.94 Nastasi et al.|(2014) 4.57 048 L 10

J235616.4-344144.3




CHAPTER 3

VELOCITY DISPERSION -
TEMPERATURE SCALING RELATION

In this chapter, we study the velocity dispersion (o) - temperature (1’x) relation which was de-
scribed in Chapter[I] In Chapter 2] we described our cluster sample and how cluster membership
and redshift were determined. In this chapter we use these redshifts to calculate the velocity
dispersion for each of our clusters and use the Metropolis algorithm to fit for the above scaling
relation, implementing a Markov Chain Monte-Carlo (MCMC) method. We make comparisons
to both previous results and simulations and test for the evolution of the normalisation of the

o, — 1'x relation.

3.1 Motivation

Clusters of galaxies provide us with the opportunity to learn about a variety of different processes
happening on small scales, such as within galaxies, but also allows us to constrain cosmology
and learn about the Universe as a whole. The advancement of science relies on the predicting and

testing of models, and for astronomy and cosmology it is no different. Many different models
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exist regarding the formation of galaxy clusters as well as the processes occurring within them.
As discussed in Chapter|[I] one of the more popular models is that of self-similarity. This model
allows us to predict the relationships between various observables of galaxy clusters. This model
can then be tested, shortfalls can be identified, and it can be improved to further our understand-

ing of the Universe.

As shown in Section we can use the self-similar model and the virial theorem to derive
the relationship between the velocity dispersion of a cluster and its temperature to be o, oc 7.
This relation is not as well studied as the X-ray luminosity — temperature (Lx — 7'x) relation
and therefore provides us with a good opportunity to provide new insights into scaling relations.
One of the first points of interest is that similarly to studies of the Ly — T’x relation almost all
previous studies of the o, — T'x relation have found a steeper power-law slope than expected (see
Table @ The reasons for this are the same as for the Lx — Ty relation, mainly, the exclusion

of non-gravitational effects in the self-similar model as discussed in Section[I.4]

The other interesting part of studying scaling relations is to determine if they are evolving
with redshift. Due to selection effects, this is an extremely difficult task when studying the
Lx — Tx relation. However, as discussed in Section |1.4| we assume negligible selection effects
on our measurement of the o, —T'x. The self-similar model predicts that the o, — T’y relation will
not evolve with redshift but to date this has been tested only by [Wu et al. (1998)) and Nastasi et al.
(2014). Even then, all but four clusters in the Wu et al.| (1998) sample are at z < 0.5. Nastasi
et al. (2014) made a measurement of the relation at 0.6 < z < 1.5 using a sample of 12 clusters,
obtaining results consistent with previous studies at low redshift. In our study, as discussed in
Chapter 2] we use a sample of 38 clusters ranging in redshift from 0.1 to 0.9 and therefore used a
larger sample spanning this z range than previous studies, except for Wu et al.|(1998). However,
we offer an improvement over this work because we have 19 clusters with z > 0.5 compared to

their sample which only contained 4.
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3.2 Velocity dispersion calculation

We used our confirmed galaxy cluster members (Chapter |2)) to calculate an initial estimate of
the velocity dispersion of each cluster using the biweight scale method described in Beers et al.
(1990). We then calculated Ryo using Equation [2.1] and excluded all galaxies located at pro-
jected cluster-centric radial distances outside Rsyy. The velocity dispersion of each cluster was
then recalculated and the error found via bootstrap resampling. This final radial cut did not re-
move more than two galaxies from the final sample for each cluster. Tables [3.1] and [3.2]list the

velocity dispersions and Ry values for the low and high redshift samples, respectively.

3.3 Fitting the o, — T'x relation

To determine the scaling relation between o, and 7'y, we fitted a power law of the form

o T
log [ —7 ) = A+ Blog [ —— ) +C log E(). 3.1
Og(lOOOkms_l) T8 loe (Ske\/) +C log (2) G-1)

Here, 5keV and 1000 km s~! are the pivot temperature and velocity dispersion, respectively,
for our fit. These were chosen to reduce the covariance between the normalisation A and the slope

B, and for ease of comparison to previous studies. In the above, evolution of the normalisation

is parametrised as E(z)¢, where E(z) = \/Q,(1 + 2)3 4+ Q4 describes the redshift evolution
of the Hubble parameter. The evolution is normalised using the Hubble parameter as this is the

evolution expected for the self-similar case which we are using for comparison and which gives

B=05and C =0.
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Table 3.1: Calculated properties of the low redshift sample (0.0 < z < 0.5): column 1 gives
the name of the XCS Cluster. Columns 2 and 3 give the measured velocity dispersion and Ry
respectively. Column 4 and 5 give the temperature of the cluster and the number of members
(Taken from Table for convenience of comparison).

Cluster Name oy Rago Tx No.
(kms™) | Mpc) | (keV)

XMMXCS J000013.9-251052.1 | 410+ 80 | 1.11 | 1.8 7957 [ 19
XMMXCS J003430.1-431905.6 | 920150 | 1.96 | 3.51320 | 22
XMMXCS J005603.0-373248.0 | 9004140 | 2.06 | 521330 | 22
XMMXCS J015315.0+010214.2 | 240+ 80 | 0.55 | 1.08 7303 | 12
XMMXCS J072054.3+710900.5 | 550+ 60 | 1.2 | 2.9 7530 | 29
XMMXCS J081918.6+705457.5 | 410+ 70 | 0.83 | 37580 | 19
XMMXCS J094358.2+164120.7 | 590+ 90 | 1.54 | 1.57030 | 27
XMMXCS J095957.6+251629.0 | 5104220 | 1.79 | 1.4 3% | 15
XMMXCS J100047.4+013926.9 | 560+£140 | 1.41 | 33192 | 16
XMMXCS J100141.7+022539.8 | 5904130 | 1.05 | 1.43 ¥39% | 26
XMMXCS J104044.4+395710.4 | 860+150 | 2.12 | 3.54 053 | 17
XMMXCS J111515.6+531949.5 | 910310 | 1.75 | 547110 | 16
XMMXCS J115112.04550655.5 | 330100 | 1.5 | 1.66 7591 | 16
XMMXCS J123144.4+413732.0 | 4804100 | 1.26 | 2.7 3% | 10
XMMXCS J151618.6+000531.3 | 8704220 | 2.01 | 5.4 131° | 35
XMMXCS J161132.7+541628.3 | 7904150 | 1.69 | 4.6 112 | 12
XMMXCS J163015.6+243423.2 | 710130 | 2.2 | 3.570%0 | 62
XMMXCS J223939.3-054327.4 | 560+ 70 | 1.32 | 2.8 1920 | 68
XMMXCS J233757.0+271121.0 | 460+£110 | 1.49 | 3.4 1% | 12

Table 3.2: Calculated properties of the high redshift sample (0.5 < z < 1.0). All columns are as

explained in Table3.1]
Cluster Name oy Rsoo Tx No.
(kms™) | Mpc) | (keV)
XMMXCS J000216.1-355633.8 | 1100+191 | 1.77 [ 4.83 ' %1 | 13
XMMXCS J005656.6-274031.9 | 380+ 60 | 0.66 | 33708 | 15
XMMXCS J015241.1-133855.9 | 8404150 | 1.33 | 3.23 7938 | 29
XMMXCS J021734.7-051326.9 | 6204210 | 1.11 | 223139, | 12
XMMXCS J025006.4-310400.8 | 11204+260 | 1.66 | 454133 | 13
XMMXCS J030205.1-000003.6 | 610180 | 1.04 | 5.82 2% | 16
XMMXCS J095417.1-173805.9 | 940+310 | 1.42 | 3.65 7553 | 10
XMMXCS J095940.7+023113.4 | 470+ 90 | 0.88 | 5.02 7088 | 25
XMMXCS J105659.5-033728.0 | 1010+120 | 1.57 | 7.57 1043 | 29
XMMXCS J112349.4+052955.1 | 6004210 | 1.05 | 4.62 7553 | 17
Continued on next page
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Table 3.2 — continued from previous page
Cluster Name Oy Rago Tx No.
(kms™1) | (Mpc) | (keV)
XMMXCS J113602.9-032943.2 | 700110 | 1.06 |3.32 7}% | 21
XMMXCS J114023.0+660819.0 | 9504100 | 1.51 | 7.47 7392 | 22
XMMXCS J124312.2+131307.2 | 7904460 | 1.19 | 4.92 723 | 11
XMMXCS J134305.1-000056.8 | 9204170 | 1.72 | 449 *372 | 23
XMMXCS J145009.3+090428.8 | 6304 90 | 1.07 | 3.84 T0¢ | 22
XMMXCS J182132.9+682755.0 | 8604130 | 1.34 | 449 070 | 19
XMMXCS J215221.0-273022.6 | 5304150 | 0.86 | 2.18 T3%% | 15
XMMXCS J230247.7+084355.9 | 1010130 | 1.6 |5.29 7029 | 22
XMMXCS J235616.4-344144.3 | 670+£260 | 091 |4.57 54| 10

r-modeltx,y)

Figure 3.1: This sketch shows how 7 — r,04c1 and Ar are calculated for the orthogonal method.

Similarly to Hilton et al.| (2012), the best fit values for these parameters were found using
Markov Chain Monte-Carlo (MCMC) with the Metropolis algorithm. Both orthogonal and bi-
sector regression methods were used. For the orthogonal method, the probability for a given

cluster to be drawn from the model scaling relation is

Pmodel -

1 _(T - rmode1)2:|

—_—— 3.2
V27 (A2 + AS?) *xp [ 2(Ar? + 52) )

where r — ry0q4e1 18 the orthogonal distance of the cluster from the model relation, Ar is the
error on the orthogonal distance, and S is the intrinsic scatter orthogonal to the model relation.

Ar is calculated from the projection in the direction orthogonal to the model line of the ellipse
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defined by the errors on log o, and log T, chosen according to the position of a given point rela-

tive to the model fit line as shown in Figure [3.1]

For the bisector method, the intrinsic scatter and measurement errors are treated indepen-

dently for each axis. Therefore, in the equation for P, ,odel, "model 1S Teplaced by

o T
g =log [ — 2 ) |A4+Blog [ —— )+ Clog E(z)| . 3.3
Ymodel Og<1000kmsl) { + 5 log (5kev)+ °8 (Z)} (3.3)

and

, (3.4)

T _ log (1000({{#) —A—ClogE(z)
5keV B

Lmodel = 10g <

where r and Ar are replaced by =, Az or y, Ay as appropriate in Equation [3.2] The intrin-
sic scatter .S is replaced by two parameters S, and S,. For this work, the covariance between
Sy and S, is negligible since it is verly unlikely that there will be any correlation between o,
which is measured using galaxy velocity measurements, and 7', which is measured from X-ray

spectroscopy.

For both methods, the likelihood £ of a given model is simply the product of P4 for each

cluster in the sample, i.e., in the orthogonal case

E(O-vu TX|A7 -87 C’7 S) X Pprior(A) B7 O? S) H Pmodel,ia (35)

where we assume generous, uniform log priors on each parameter, as listed in Table[3.3]
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Table 3.3: Priors on o, — T’y relation fit parameters

Parameter | Uniform Prior Notes
A (-5.0,5.0) -
B (0.0,2.0) -
C (-1.0,1.0) -
S (0.01,1.0) Orthogonal method only
Sy (0.01,1.0) Bisector method only
Sy (0.01,1.0) Bisector method only

3.4 Results

In this section we look at the results of our MCMC algorithm and discuss the implications of the

different measured values.

3.4.1 Evolution of the slope and intrinsic scatter

For the model given in Equation 3.1} it is assumed that the slope (parameter B) is not evolving
with redshift. To test this, the o, — T'x relation was fitted with C = 0 in two redshift bins,
0.0 < 2z < 0.5and 0.5 < z < 0.9, with 19 clusters in each bin. The parameters A, B, and S
were obtained using the MCMC method described above for the high and low redshift samples
individually. The results for this are shown in Figures [3.2]and [3.3]and Table[3.4]

Using the orthogonal method we found B = 1.12 £ 0.41 for the high redshift sample and
B = 0.89 £ 0.16 for the low redshift sample. However, we found that the slope of the relation
for the high redshift sample is driven by the prior and future work will look at fitting for B(z).
We assume for the remainder of this paper that the slope does not evolve with redshift, though
clearly either a larger sample or more accurate measurements of individual clusters are needed

to confirm this assumption.

The samples were also tested to see if the results may be biased by selection effects result-
ing in more high temperature clusters in the high redshift sample. To do this, all clusters with

T < 2keV were removed from the low redshift sample, so that the temperature distribution was
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similar in both the high and low redshift samples, and fitting was re-done. The results for the low
redshift sample were found it be consistent within 1o to those with the low temperature clusters
included. Therefore, this suggests that selections effects do not play a significant role in the

oy — T'x relation for this sample.

The intrinsic scatter is S = 0.05 4= 0.02 for the low redshift sample and S = 0.08 £ 0.04 for
the high redshift sample. As these values are consistent within their errors, there is no evidence

that the intrinsic scatter varies with redshift.
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Figure 3.2: The o, — T’x relation assuming no evolution, i.e., C' = 0 in Equation [3.1] for low
(0.0 < z < 0.5; left panel) and high (0.5 < z < 0.9; right panel) redshift samples. The solid
blue line shows an orthogonal regression fit to the data with the dashed lines representing the
95% confidence interval. The thick, red, dot-dashed line shows a bisector regression fit to the
data (see Section [3.3). A model of the form seen in Equation [3.1] was used in the Metropolis
algorithm to determine a line of best fit (see Section [3.4.1).
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Figure 3.3: Corner plots for the low (left - 0.0 < 2z < 0.5) and high (right- 0.5 < z < 0.9)
redshift sample showing all the one and two dimensional projections of the posterior probability
distributions of the three parameters when using the orthogonal method. The values of each
parameter are given in the top centre. The histograms show the one dimensional marginalised
distribution for each parameter and the other plots show the 2 dimensional version, where the
contours show 1, 2, and 3 0. The cntour plot for the B parameter for the high redshift sample is
slightly flattened due to it being driven by the prior (Section @)

Table 3.4: Best-fit o, — T'x scaling relation parameters using both the orthogonal and bisector
regression methods (see Section [3.3).

Method Parameter | Low Redshift | High Redshift | Combined Combined
(no evolution) | (with evolution)

Orthogonal A 0.02 + 0.07 -0.08 £+ 0.05 -0.05 £0.04 | 0.02 +0.05
B 0.84 +0.18 1.10 £ 0.43 0.72 £ 0.12 0.83 +0.14
S 0.09 + 0.02 0.09 + 0.03 0.06 + 0.03 0.06 + 0.03
C 0 0 0 -0.42 +£0.27

Bisector A 0.02 + 0.04 -0.07 £ 0.03 -0.04 £0.02 | 0.02 4+ 0.04
B 0.85+0.11 1.01 +0.17 0.77 £ 0.08 0.86 + 0.09
Sy 0.15 £ 0.03 0.19 £ 0.03 0.15+0.02 0.14 + 0.02
Sy 0.07 £+ 0.03 0.12 + 0.04 0.09 + 0.02 0.09 + 0.02
C 0 0 0 -0.49 £0.25
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3.4.2 Evolution of the normalisation

To test for the evolution of the normalisation (parameter A in Equation [3.1)), the low and high
redshift samples were combined and C' was allowed to vary in the MCMC analysis. The results
obtained are shown by the scaling relation plot in Fig. 3.4, We found C' = —0.42 £ 0.27, mean-
ing that for a given oy, a higher Ty is obtained at higher redshift. However, the no evolution
relation falls within the 95 per cent confidence interval and therefore we conclude that there is

no significant evidence in favour of evolution.
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Figure 3.4: Left: The o, — Tx relation assuming no evolution, i.e., C' = 0 in Equation
for the combined sample. Right: The o, — T'x relation for the combined sample with varying
evolution, i.e., C' is a free parameter in Equation The velocity dispersion is scaled to take
into account the evolution by multiplying by E(z)~“. All lines are as explained in Fig.
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Figure 3.5: Plot showing the evolution of the normalisation of the o, — T’y relation obtained for
the data with the 95% confidence intervals (blue dashed lines), as compared to the self similar
relation which predicts no evolution which is shown as the solid red line. The black points show

our sample data.

We also applied a statistical test known as the Akaike information criterion (AIC) to deter-
mine whether the model with or without evolution (Fig. was preferred. The AIC estimates

the quality of each model relative to each other and is therefore a means of model selection. It is

defined by (Burnham and Anderson, [2002) as

AIC = 2k — 2In(L), (3.6)

where L is the maximised likelihood function (Equation and k£ is the number of free param-
eters. The AIC includes a penalty for using extra parameters as a way to discourage over-fitting
and rewards goodness of fit based on the likelihood function. When modelling data there will
always be some information lost, but we are trying to find the model that minimises the data loss.
We can calculate the probability that a model will minimise the information loss compared to

another model using the relative likelihood as shown below:

exp((AlC,i AIC;)/2), (3.7)

where AIC),,;, is the lowest AIC values of all your models and A/C} is the model you compar-

ing it too.
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For the combined sample with the no evolution model the AIC value was -64.6 and when the
fourth parameter for evolution (C') was included this increased to -62.1. The relative likelihood
is then calculated to be 0.08. This means that the model with evolution is 0.08 times as probable
as the model without evolution to minimise information loss. Therefore, combining this with the
results from the o, — T'x relation fit, it can be concluded that the preferred model is the one with

no evolution.

3.5 Discussion

3.5.1 Comparison with previous results

Table [3.4) and Figs[3.2H3.4] present the results of applying the orthogonal and bisector fitting
methods to the low redshift, high redshift, and combined samples. We see that the bisector and
orthogonal methods give very similar results, especially for our total sample without evolution.
Hogg et al.| (2010) suggests that the bisector method should be avoided as, by simply finding the
difference between a forward and reverse fitting method, large systematic errors will be intro-
duced. Maughan et al.|(2006) also suggests that the orthogonal method is preferable as it avoids
biases that are inherent in the bisector regression when doing a fit with intrinsic scatter. However,
the bisector method has been widely used for scaling relation measurements in the past and is

therefore included for completeness.

Results from previous studies of the o, — T'x relation are collected in Table All of
these studies, except for Edge and Stewart (1991) and the low redshift sample of Wu et al.
(1998)), obtained a slope steeper than the expected self-similar slope of o, oc 7°°. We measured
B = 0.72 £ 0.12 using the orthogonal fitting method and B = 0.77 £ 0.08 using the bisec-
tor fitting method for our combined sample. Therefore, both the orthogonal and bisector slopes
are in agreement with each other and the previous values in the literature, except for the result
obtained by Edge and Stewart| (1991)), which is only consistent with the orthogonal result. The

temperature range for previous studies varies but most are consistent with 0 < 7" < 10 except
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for studies by Wu et al.| (1998), |Wu et al.| (1999) and Nastasi et al.| (2014) which probe out to
T > 15 keV. Xue and Wu (2000) only probe a small temperature range of 7" < 2 keV. Most of
these studies are reliant on data from literature, like our low cluster sample. However, unlike our
study they don’t calculate the velocity dispersion in a consistent way, but instead rely on previous
velocity dispersion measurements. Our study therefore, offers an improvement in the calculation

of velocity dispersions and hence a more reliable o, — 7' relation.

With the exception for work done by Wu et al.| (1998) and |Nastasi et al. (2014), all the previ-
ous results were obtained for low redshift samples and no test for evolution was performed. |Wu
et al. (1998) divided their sample into two groups, z < 0.1 and z > 0.1, and found no significant
evolution, however their sample included only four clusters in the redshift range 0.5 < z < 1.0.
Nastasi et al.|(2014) had a sample of 12 galaxy clusters and found a very large error of more than
50 per cent on their slope. They concluded that their sample size was too small to accurately
measure evolution. We conclude that the data presented in this paper — a homogeneous cluster
sample that is larger than those used in previous studies at z > 0.5 — are consistent with previ-

ous results.



Table 3.5: Previous measurements of the velocity dispersion—temperature relation. Here the relation is in
the form o, = 10475, where o, is measured in kms~! and Ty is measured in keV.

Paper

| [Edge and Stewart|(1991)
Lubin and Bahcall|(1993)
Bird et al.|(1995)
Girardi et al.[(1996)
Ponman et al.|(1996)
White et al.|(1997)
Wu et al.|(1998)
Wu et al.|(1998)
Wu et al.|(1998)
Wu et al.|(1999)
Xue and Wu|((2000)
Nastasi et al.|(2014)

This work
This work

Number of clusters A B Redshift range | Fitting method | Temperature Range
23 2.60 = 0.08 | 0.46 £0.12 z<0.1 Least squares 2<T <10
41 2.52 +0.07 | 0.60 £0.11 z<0.2 Y2 2<T <105
22 2.50£0.09 | 0.61 £0.13 z<0.1 Bisector 14<T <9
37 2.53 £ 0.04 | 0.61 £0.05 z<0.2 Bisector 0<T <11
27 2.54 +0.04 | 0.55 £0.05 z<0.15 Bisector 0<T <15
35 2.53 +£0.08 | 0.60 £0.10 z<0.2 Orthogonal 0<T <14
94 247 +0.06 | 0.67 £ 0.09 z2<0.9 Orthogonal 1<T <17

110 2.57£0.03 | 0.49 £0.05 z<0.1 Orthogonal 1<T <17
39 257+0.08 | 056 £0.09 | 0.1<2<09 Orthogonal 1<T <17
92 249 +0.03 | 0.64 £0.02 z < 0.45 Orthogonal 25<T <15

109 2.53 +£0.03 | 0.58 £0.05 z<0.2 Orthogonal 0<T <2
12 247+0.19 | 0.64 £0.34 | 0.64 < 2 < 1.46 Bisector 25 <T <15
38 300059 | 0.72+0.12 | 0.1<2z<1.0 Orthogonal 0<T <10
38 3.22+£0.41 | 0.77£0.08 0.1<z<1.0 Bisector 0<T <10
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3.5.2 Comparison with simulations - no evolution

Comparing observational results to simulations is important for two main reasons. Firstly, we
can determine if there is any bias due to sample selection, as the simulations provide both a
larger temperature and larger redshift range. It also allows us to compare different simulation
models and learn about the nature of the non-gravitational physics through their effect on the gas

temperature.

The Millennium Gas Project is a set of hydrodynamical simulations described in [Short et al.
(2010) which uses the same initial perturbations as the Millennium Simulation (Springel et al.,
2005). These simulations include a variety of models, including gravity only; energy injection
with radiative cooling; and feedback only. For comparison to the data presented in this paper,
the feedback only model (FO) in a volume of 250 h~ Mpc? was used. This model includes
supernova and AGN feedback using a semi-analytic galaxy formation model. Heating due to
supernovae, AGN, and the star formation rate are obtained using the model of |De Lucia and
Blaizot (2007). The AGN feedback model used is described in [Bower et al.|(2008)), which is de-
pendent on the matter accreted by the central black hole and the efficiency with which the matter
is converted to energy near the event horizon, with the upper limit being at two per cent of the

Eddington rate.

As a comparison to the velocity dispersion of the cluster, two proxies were considered: the
velocity dispersion of the galaxies (0ga1), and that obtained from the dark matter particles (g pay).
The temperatures from the simulation were spectroscopic-like temperatures (73;; Mazzotta et al.,
2004)). To ensure that only clusters similar to those in our sample were included, we excluded all
groups from the simulation with Ms, less than 104 M. We also included a temperature cut,

1 < T(keV) < 11, and a redshift cut, 0 < z < 1, to match our sample.
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We also tested our fitting method on the BAHAMAS hydrodynamical simulation (McCarthy
et al.| (2016) and Caldwell et al., in prep.) and compared it to the fit for our data. Here, a 400 h !
Mpc? box is used, with initial conditions based on Planck 2013 cosmological parameters (Planck
Collaboration et al., [2014c), and both AGN and supernovae feedback models as described by |Le
Brun et al.| (2014). A galaxy mass lower limit of 5 x 10° M, and a cluster mass lower limit of
10** M., were implemented. This simulation reproduces a large number of X-ray, SZ, and optical
scaling relations of groups and clusters. However, unlike previous simulations, the new simu-
lation also reproduces the observed galaxy stellar mass function remarkably well over a wide
range of stellar masses. The velocity dispersion is traced by galaxies and is calculated using the
gapper technique described by Beers et al.| (1990). The temperatures used from the simulation

were spectroscopic (7g).

For both sets of simulations the orthogonal fitting method described in Section [3.3] was ap-
plied with C' = 0. The parameters A, B, and S for both the Millennium Gas Project and BA-
HAMAS simulations are shown in Table The o, — T'x relation for the Millennium Gas
Project with the two different o, proxies are shown in Fig.[3.6] The slope is slightly steeper for
the stars (B = 0.62 + 0.01) than for the dark matter (B = 0.55 4 0.08), but both are consistent

with previous studies of the o, — T'x relation and the results obtained from our data.

Table 3.6: Best fit values for the parameters in Equation (slope B, intercept A and scatter
S) for the various models obtained from simulations without evolution. For the Millennium
Gas Project we use dark matter (DM) and stars as the tracers for the velocity dispersion. The
BAHAMAS simulation uses galaxies. The Millennium Gas simulations use spectroscopic like
temperatures (7y;) and the BAHAMAS simulation use spectroscopic temperatures (7). Caldwell
et al., (in prep) present a different method for determining the o, — 7T’y relation as discussed in
Section[3.5.2] the results of which are also shown below.

Simulation Otracer | Tmodel A B S
Millennium Gas DM Ty |-0.011 +0.002 | 0.553 4+ 0.008 | 0.028 4+ 0.001
Millennium Gas Galaxies | Ty | -0.034 4+ 0.003 | 0.621 4+ 0.010 | 0.034 4+ 0.001

BAHAMAS Galaxies T -0.055 £ 0.003 | 0.848 = 0.012 | 0.055 + 0.001
Caldwell et al., in prep| Galaxies T -0.133 0.545 —
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Figure 3.6: The o, — T'x relation for the Millennium Gas Project simulations using dark matter
(left panel) and galaxies (right panel) as proxies for the velocity dispersion. The blue dots are
the data obtained from the simulation and the solid black line shows the fit using the orthogonal
regression method. The slope is slightly steeper for the galaxies (B = 0.62 4 0.01) than for
the dark matter (B = 0.55 £ 0.08) but both are consistent with previous studies of the o, — T'x
relation and the results obtained from our data.

Fig. shows that the orthogonal fit to the full BAHAMAS sample systematically overes-
timates the average velocity dispersion at 7'x > 5 keV. This may be due, in part, to the model
not being a complete description of the data: as can be seen in Fig. the intrinsic scatter
decreases with increasing temperature for the BAHAMAS sample. This is not captured in our
orthogonal regression model (Equation , i.e., S is constant with both 7T and z. However,
we found that this bias is mostly due to the temperature distribution of the sample. Choosing a
subset of the BAHAMAS sample with a uniform temperature distribution, ie. a sample with the
same number of clusters in each 0.01 keV bin, we obtained B = 0.55+0.01 using the orthogonal
fitting method. We note that there is no single method which gives the underlying ‘true’ scaling
relation in the presence of errors on both variables and intrinsic scatter: the recovered slope and

normalisation depend upon the details of the method used.
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Figure 3.7: Plot showing the o, — T'x relation for the BAHAMAS simulation data. The blue
circles represent the data points from the simulation. An error of 1% was assumed on both the
velocity dispersion and temperature as this was not calculated by the simulation. The solid line
is the fit obtained using the orthogonal method and the dashed line is the fit obtained using the
method described in Section [3.5.2] and performed by Caldwell et al., in prep. From this it can
be seen that the orthogonal fit over-estimates the velocity dispersion at Tx > 5 keV (see Section

352,

3.5.3 The effect of biased slope measurements on the evolution of the nor-

malisation

Having seen, using the BAHAMAS simulation, that the temperature distribution of the sample
can affect the slope recovered using the orthogonal regression method, we now discuss the po-
tential impact of a biased slope measurement on our conclusions regarding the observed cluster
sample in Section [3.5.1] To investigate this, we generated 1000 mock samples (each containing
38 clusters) from the BAHAMAS simulation with the same temperature distribution as the ob-
served sample, and applied the orthogonal regression method. Fig. [3.§| shows the distribution of
recovered slope values. The average is B = 0.69 + 0.13, which is 2¢ higher than the slope ob-
tained from the uniform 7'y distribution sub-sample of BAHAMAS (Section . Therefore, if
the BAHAMAS sample is representative of the real cluster population, then we would conclude

that the slope we have measured for the observed cluster sample is biased high.
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Figure 3.8: This histogram shows the probability of getting a specific value for the slope of the
best-fit 0, — T’y relation given a mock cluster sample, drawn from BAHAMAS with temperature
distribution matched to the observed cluster sample. We chose various sub-samples from the
BAHAMAS simulation which had the same 7'y distribution as our sample and calculated the
slope for each. The mean slope obtained is B = 0.69 4 0.13, which is within 2o of the value
obtained from the uniform 7x sample shown in Figure so there is a slight bias from the
distribution of the sample.

To check if such a biased slope estimate affects our conclusions regarding the lack of sig-
nificant evidence for evolution of the normalisation of the relation (Section [3.4.2)), we fixed
the slope to B = 0.5 and re-ran the orthogonal fit for the observed cluster sample. We found
C = 0.15 £ 0.28, which is consistent with no evolution (Fig. . Therefore, even if the slope
value of B = (.86 + 0.14 that we measured was biased high for any reason, this does not affect

our conclusion that we do not see significant evidence in favour of evolution.
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Figure 3.9: Plot showing the evolution of the normalisation of the o, — T'x relation, with B =
0.5, obtained for the observed cluster sample with the 95% confidence intervals in the blue dashed
lines, as compared to the self similar relation which predicts no evolution, shown as the red solid
line. The black points show the measurements for the clusters in our sample.

3.5.4 Comparison with simulations - evolution

We now investigate evolution in the normalisation of the o, — T'x relation in the simulations by
fitting for the value of C, as we did for the observed sample (see Section [3.4.2). The results are
shown in Table and graphically in Fig. [3.10] The BAHAMAS simulation with free or fixed
slope (B = 0.5) is consistent with zero evolution. However, the simulations from the Millennium
Gas Project show small but significant positive evolution (C' = 0.273 &+ 0.013 for o¢,; and Ty)).
To see the reason for this, we can re-write the o, — T'x relation in terms of the o, — M and T'— M

relations, where M is the cluster mass (see, e.g., Maughan, 2014)). We define

BO’V
oo = 10807 (L ' E(z)CovT (3.8)
Vo 5keV ’ '

where

BO'VT - BG'VM/BTM ,
Asor = Aoyt — Arm B, 1, and (3.9)

CUVT - CO'VM - CTMBO'VT'
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Here, A, B, and C have the same meaning as before, and the subscripts indicate the corre-
sponding relation (e.g., Br), indicates the slope of the 7" — M relation). If we set C, y = %,
Cry = %, and B,,r = % as predicted by the self-similar relation, then we obtain C, r = 0 as

expected.

We performed fits to determine the values of C,_ 5, Crpy, and B, ¢ in the Millennium Gas
simulation at z = 0 and z = 0.5. We found that C,,_,; = % when using either og, or opy as
the measure of o, and that B, 1 varied from 0.55-0.6, depending on whether spectroscopic-like
or mass-weighted temperature estimates were used. This is slightly higher than the self-similar
value, but not by enough to explain the positive evolution measured in the o, — T'x relation. This

leads to the conclusion that the evolution is driven by the value of C7r,,, and it was found that the

2

measured value for the dark matter was Cpy; = 3

as expected, but that this decreased to values
between 0-0.2 for the gas. Therefore, in the Millennium Gas simulation, the lack of redshift

evolution in the 7' — M relation drives the positive evolution in the o, — T’y relation.

The most likely explanation for the lack of redshift evolution in the 7" — M relation in the
Millennium Gas simulation is the absence of radiative cooling. When both cooling and feedback
are included in simulations (as in BAHAMAS), the feedback acts as a regulation mechanism,
heating the surrounding dense gas and expelling it from the cluster core. This in turn leads to
higher-entropy gas flowing inwards. In the Millennium Gas simulation, the feedback model heats
the gas and directly increases its entropy, which is eventually distributed throughout the cluster.
This builds up over time as more and more energy is pumped into the gas from the growing black
holes, and has the effect of slowing down the evolution of the 7" — M relation (compared to the
evolution expected due to the decreasing background density with redshift). This in turn leads to
the positive evolution of the o, — T'x relation. It is likely that the more sophisticated feedback
model used in BAHAMAS, where the entropy evolution is driven by radiative cooling, is the

more realistic of the two.
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Figure 3.10: We compared the evolution of the normalisation of o, — T'x relation of the Millen-
nium Gas and BAHAMAS simulations with the self similar relation and that found from our data
using a fixed slope. The red solid line shows the line representing the self-similar relation i.e.,
C = 0, the dot-dashed line represents the BAHAMAS simulation results with a fixed B to avoid
bias due to the sample distribution, and the solid thick green line represents the result from the
Millennium Gas simulation. The blue dashed line, and corresponding 95% confidence interval,
and black points are our orthogonal fit and observed sample, respectively.

3.6 Conclusion

In this chapter we studied the o, — T'x relation. We discussed the importance of this relation in
terms of astronomy and cosmology. We calculated the velocity dispersion of each of the clusters
in our sample and presented the method that was used to fit the scaling relation. We compared our
results to previous studies and simulations. We determined that the slope for our o, — Ty relation
was consistent with previous results and slightly steeper than the self-similar model predicts. We
also tested for evolution of the normalisation of the o, — T'x relation and found it to be slightly

negative but not significantly different from the expected result of no evolution.



Table 3.7: Best fit values for the parameters in Equation (slope B, intercept A, scatter S and evolution C') for the various

models obtained from simulations. All abbreviations are as in Table @

Simulation Ctracer Toodel A B S C
Millennium Gas DM Ty -0.031 £0.002 | 0.551 +£0.006 | 0.0220 4+ 0.0010 0.371 £ 0.014
Millennium Gas Galaxies Tq -0.056 £0.002 | 0.619 £0.009 | 0.0295 4+ 0.0010 0.397 + 0.019

BAHAMAS (fixed B) | Galaxies T, -0.135 £+ 0.002 0.545 0.0390 £ 0.0010 0.046 + 0.016
BAHAMAS (varying B)  Galaxies T -0.071 £0.005 | 0.779 £ 0.014 | 0.0570 £ 0.0010 | -0.029 £ 0.024




CHAPTER 4

MASS-TEMPERATURE SCALING
RELATION

This chapter follows a similar arrangement to Chapter |3| however here we study a cluster mass
— temperature scaling relation. We show the calculation for two types of masses: a dynamical
mass, which is an optical-based measurement, and an X-ray-determined mass. In each case we fit
for a scaling relation between the mass and the X-ray temperature using two Bayesian methods:
the orthogonal method described in Chapter 3| and one implementing a Gaussian mixture model
likelihood. We compare our results to previous studies and simulations and make a comparison

between hydrostatic and dynamical masses.

4.1 History

As previously mentioned, galaxy clusters can be used as a probe of cosmology, but this requires
a knowledge of the mass of the galaxy clusters. As discussed in Chapter[I] the mass of a galaxy
cluster is not a directly measurable quantity and therefore we rely on observable cluster mea-
surements, such as X-ray properties, the SZ effect, shear due to gravitational lensing, and optical

properties, as mass tracers.

97
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By using X-ray properties of galaxy clusters and the assumption that they are in hydrostatic
equilibrium, a hydrostatic mass estimate can be calculated, using the following equation (Sarazin,

1988),

kT,(r)r (dlnn, dlnTy(r)
M(r) = ——2 £ . 4.1
(r) pm,G < dlnr * dlnr 1)

In this equation, the cluster mass, M (), within radius r, is dependent on the gas density, 7.,
and the temperature profile, 7,(r). Both the temperature and gas density are found by spectral
fitting and the X-ray surface brightness, respectively. The mass is only weakly dependent on the
gas density, as it only enters into the equation as a logarithmic derivative, but is strongly depen-

dent on the temperature profile.

Since we have studied the ox — T'x relation, making comparisons to previous studies and
simulations, and were able to constrain our velocity dispersion measurements efficiently, we use
this relation to calculate a dynamical mass (M(;dy”) for each cluster in our sample. A comparison
between this and the aforementioned hydrostatic mass method will be given in Sectiond.4.5] The
dynamical mass can then be tested by determining the mass-temperature relation and comparing

it to previous results and models.

The self-similar model discussed in Chapter |l| predicts that the mass—temperature relation
will take the form E(z)M®" = As (=v) %, if the clusters are in hydrostatic equilibrium. Aj
is dependent on the internal structure of the clusters Arnaud et al. (2005). Although several
previous studies have been done, no consensus has yet been reached regarding whether or not this
prediction is correct (see, e.g. Maughan et al.,2006; Mantz et al., 2010a; |Vikhlinin et al., 2006b;
Castillo-Morales and Schindler], 2003} [Ettor1 et al., 2002} [Finoguenov et al., 2001} Nevalainen

et al., 2000). In this chapter, we provide the results from the fit of the scaling relation and

compare the results to previous studies and simulations.
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4.2 Galaxy cluster masses

For this thesis we calculated two different masses: the dynamical mass, M;é’gl , and the X-ray
mass, Msgox. The dynamical masses were calculated using the scaling relation obtained from

simulations by [Munari et al. (2013)). They use subhalos and galaxies to get a relation of the form

) 0.7E(z) M2\
o(kms™')=A <—10§51>\/[@200> : 4.2)

where A = (1177 £ 4.2) km s™!, a = 0.364 & 0.0021, E(2) = \/Qn(1 + 2)3 + Q4, and the 0.7
factor accounts for the fact that we assume Hy = 70 kms~! Mpc~!. A and « are,respectively, the
normalisation and slope obtained by Munari et al.| (2013) when using a cosmological hydrody-
namical simulation which included a model for AGN feedback and used galaxies as the velocity

tracers.

The X-ray masses were calculated using the scaling relation obtained by Arnaud et al. (2005).
They studied the Msoox — T'x relation at various densities for 10 relaxed, nearby clusters, with
temperatures in the range 2-9 keV. The masses are calculated using the hydrostatic mass equation
(Eqn. §.1)) and a NFW-type model, described in Navarro et al.| (1997), who studied density pro-
files of dark matter halos using high-resolution N-body simulations. Arnaud et al.|(2005) found
that the Msyox — T’y relation was consistent and well-constrained over a variety of densities, and
was of the form,

E(Z) Msoox = Asoo [ uch TY;

okeV +3)

where Aggg = (5.3440.22)10 M, o = 1.7240.10, and E/(z) is the Hubble constant normalised

to its local value and it is used to correct for the evolution expected in the self-similar relation.
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Tables and [4.2] give the two masses for each cluster in the low and high redshift samples,

respectively.

Table 4.1: Calculated masses of the low redshift sample (0.0 < z < 0.5). Column 1 gives the
name of the XCS Cluster. Columns 2 and 3 give the calculated dynamical and X-ray masses,

respectively.

Cluster Name

M
(10M1M)

M200X
(10 M)

XMMXCS J000013.9-251052.1
XMMXCS J003430.1-431905.6
XMMXCS J005603.0-373248.0
XMMXCS J015315.0+010214.2
XMMXCS J072054.34+710900.5
XMMXCS J081918.6+705457.5
XMMXCS J094358.2+164120.7
XMMXCS J095957.6+251629.0
XMMXCS J100047.4+013926.9
XMMXCS J100141.74+022539.8
XMMXCS J104044.44+395710.4
XMMXCS J111515.64+531949.5
XMMXCS J115112.0+550655.5
XMMXCS J123144.4+413732.0
XMMXCS J151618.6+000531.3
XMMXCS J161132.74541628.3
XMMXCS J163015.64243423.2
XMMXCS J223939.3-054327.4
XMMXCS J233757.0+271121.0

0.76 £0.41
5.90 £ 2.64
6.31 £2.69
0.18 £ 0.16
1.57 £ 0.47
0.71 £0.33
1.89 £ 0.79
1.40 £ 1.66
1.66 £ 1.14
202+ 1.22
5.64 £2.70
549 £5.14
0.42 £0.35
1.13 £ 0.64
5.91 £+ 4.09
4.07 £ 2.09
347 £ 1.74
1.66 £ 0.56
1.02 £ 0.67

0.89 £0.26
201 £0.16
4.49 +0.33
0.37 £0.02
1.49 £ 0.22
1.12+0.31
0.67 £0.21
0.43 +£0.03
223 +£0.19
0.58 £0.03
2.96 £0.05
4.79 £ 1.33
0.71 £0.05
1.32 £ 0.20
4.87 £0.12
1.81 +£0.49
224 +0.42
1.61 +0.22
2.17 £ 0.40

Table 4.2: Calculated masses of the high redshift sample (0.0 < 2z < 0.5). Column 1 gives the
name of the XCS Cluster. Columns 2 and 3 give the calculated dynamical and X-ray masses,

respectively.

Cluster Name

Mg
(10"10M,)

Magox
(10" Mp)

XMMXCS J000216.1-355633.8
XMMXCS J005656.6-274031.9
XMMXCS J015241.1-133855.9
XMMXCS J021734.7-051326.9
XMMXCS J025006.4-310400.8
XMMXCS J030205.1-000003.6

7.94 £ 3.68
0.48 £ 0.20
3.67+1.74
1.76 + 1.60
7.71 £4.75
1.69 £ 1.33

3.26 £1.05
1.92 £ 0.34
1.69 + 0.32
1.12+0.24
2.64 £ 0.66
541 £0.86

Continued on next page
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Table 4.2 — continued from previous page

Cluster Name

My
(10111,)

MZOOX
(10 M)

XMMXCS J095417.1-173805.9
XMMXCS J095940.7+023113.4
XMMXCS J105659.5-033728.0
XMMXCS J112349.44+052955.1
XMMXCS J113602.9-032943.2
XMMXCS J114023.0+660819.0
XMMXCS J124312.2+131307.2
XMMXCS J134305.1-000056.8
XMMXCS J145009.34+090428.8
XMMXCS J182132.94+682755.0
XMMXCS J215221.0-273022.6
XMMXCS J230247.7+084355.9
XMMXCS J235616.4-344144.3

5.00 £4.39
0.79 £ 0.40
6.06 + 1.92
1.61 = 1.50
2.22 +£0.93
527 £1.48
3.16 £4.91
5.09 £2.52
1.85 +0.71
3.94 £ 1.59
1.03 £0.78
6.47 £2.23
1.85 £ 1091

1.55 £0.30
3.63 £0.79
6.71 =+ 0.63
3.19 £0.89
1.68 £ 0.35
7.35+1.44
222 £0.55
297 £ 0.74
243 £ 0.66
2.62 + 0.65
0.70 £0.13
4.02 +0.73
3.46 £0.56

4.3 Fitting the Mass — Temperature relation

To determine the scaling relation between the cluster mass and X-ray temperature, we need to fit

a power law of the form

E(z) M T
log (1(01)4—]\/[(;) = log As + B log (@) : (4.4)

Here, 5keV and 10'* M, are the pivot temperature and pivot mass for our fit, and E(z) =

\/ Qun(1+ 2)3 + Qp. Mjs refers to the mass being calculated in a radius Rs, where the mean
density is 0 times the critical density of the Universe at the cluster redshift. In this work, we
make use of =200 and §=500. The Mg, dynamical masses shown in Tables and are
converted to M5, for ease of comparison to other work, using the ¢ — M relation given in|Duffy
et al.|(2008)). We consider two methods for fitting this power law: the orthogonal method used in

Chapter 3] and the Bayesian Gaussian mixture model of [Kelly (2007).
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Table 4.3: Priors on M¥" — T relation fit parameters

Parameter | Uniform Prior
A (0.0, 1.0)
B (0.0,5.0)
S (0.01, 1.0)

4.3.1 Orthogonal fitting

Similarly to Chapter [3] the best fit values for A and B were found using Markov Chain Monte-
Carlo (MCMC) with the Metropolis algorithm, using both the orthogonal and bisector fitting

methods. However, for the M — T'x relation we only consider the orthogonal method.

The probability for a given cluster to be drawn from the model scaling relation is the same as
in Equation However, Ar is now defined by the errors on log (E(2)Mj) and log T". Priors
for the fit are listed in Table [4.3] with the likelihood, £, given in Equation [3.5] now having the

following form:

‘C(E(Z)M?yn? TX‘A7 B> S) X Pprior(A7 B7 S) H Pmodel,i- (45)

4.3.2 Gaussian mixture model approach to fitting

Kelly| (2007) uses a Bayesian Gaussian mixture model to account for measurement errors when
performing linear regression. A detailed account is provided in their paper - in this section we

highlight the key points and reference the relevant equations.
In this fitting procedure, linear regression of y on z is performed when measurement errors

are present in both variables. The likelihood function, which describes the regression, is given

by Equations 16-18 in Kelly| (2007). The regression assumes the following:

n=a+pBXx+e, (4.6)
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where © = x; + %, and y = 1+ y.,. @ and [ are the regression coefficients and e is the intrinsic
random scatter. The measurement error in « and y are given by z.,., and v, respectively. The

distribution of the independent variable, z;, is estimated using a mixture of Gaussian functions.

To determine the best fit values, Bayesian interference is used. A Markov chain is developed
using a Gibbs sampler (Geman and Geman, 1984) based on the model parameters, the observed
data, and the missing data. After each iteration the model parameters and missing data are re-
determined. This process continues until convergence which is monitored using the potential
scale reduction factor (R.hat, Gelman et al.|2004). The process is said to have reached conver-

gence when R.hat < 1.1.

To apply this fitting method, we use the python implementation by Joshua Meyerﬂ This
method of fitting was not used in our analysis of the o, — T’y relation in Chapter [3|because it has
not been adapted to include the possibility of evolution. However, we were able to show using
the orthogonal method and simulations that no evolution was present in the o, — T'x relation.
Therefore, since the mass is calculated from o, we can assume that the M — T’y relation is not

evolving and can use this Bayesian Gaussian mixture model to the fitting.

4.4 Results and Analysis

4.4.1 Expected slope vs Measured Slope

We fitted both the Mg¥" — T and the M2" — T relation using the orthogonal and Bayesian
Gaussian mixture model methods described in Section Both MY and MY are included
here to allow for comparison with previous studies and simulations. However, they are not

independent results as M2 is a scaled result of M3%". Our best-fit results are shown in Table

and Figure For the orthogonal approach, the slope for both the Mggg — Tx and the

!Code available at: https:/github.com/jmeyers314/linmix
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M, ggg — T'x relations are much steeper than the expected value of B = 1.5, however, they both

fall within 30 of this value. The Bayesian Gaussian mixture model method results in a shallower

than expected slope, but it is more consistent with the expected result than the orthogonal result

as it falls within 20 of B = 1.5.

Table 4.4: Best fit values for the parameters in Equation (slope B, intercept A, and scatter
S) for different values of ¢ and the two different methods.

Method 5 | A(x10') B S
Orthogonal | 200 | 7.13 £ 1.21 | 2.43 +0.30 | 0.11 £ 0.03
Orthogonal | 500 | 6.03 £ 1.27 | 2.44 +0.37 | 0.12 £ 0.03
Kelly| (2007) | 200 | 3.70 + 1.17 | 1.30 +0.28 | 0.25 4+ 0.05
¥Kelly7(2007) 500 | 276 = 1.17 | 1.11 £ 0.29 | 0.26 £ 0.05
107} = /:/i . 107} i ’,/////
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Figure 4.1: The M¥" — Ty relation for § = 200 and § = 500. The solid red line shows
the orthogonal regression fit to the data with the dotted red line showing the 95 % confidence
interval. The solid blue line represents the fit obtained using the Bayesian Gaussian mixture
model described by [Kelly (2007). The best fit parameter values are given in Table @
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Figure 4.2: This is a summary plot of A and B parameter values in the Ms5o, — T'x relation
for previous studies shown as red squares. It is noted that these studies used hydrostatic masses
and not dynamical masses like our work. We also plot our fitted values as a black triangle for
the orthogonal MCMC method and the blue square for the Bayesian Gaussian mixture model
method derived by Kelly (2007).

4.4.2 Comparison with previous results

Some studies of the Mz — T'x relation have been done previously, (see, e.g., Castillo-Morales
and Schindler, 2003}; Ettor1 et al., | 2002; Finoguenov et al., 2001} |Nevalainen et al., [2000), but it
is still unclear if it follows the expected slope of B = 1.5. Most of these studies use 6 = 500
or higher, so for ease of comparison to previous measurements we will use the results obtained
for the M50y — T'x relation. Results of these previous studies are shown in Table 4.6 at the end
of this chapter. Other studies, such as Maughan et al. (2006) and Mantz et al. (2010a) calculate
the M5 — T'x relation in a different manner or with a different § and are therefore not studied
here. We show a comparison between previous studies and our results graphically in Figure [4.2]
Unlike our work, where we calculate the dynamical mass based on the velocity dispersion, all the
previous studies calculate a hydrostatic mass estimate using the X-ray temperature and surface
brightness profiles as described in Section The differences between these masses will be
discussed in Section
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Finoguenov et al.| (2001) suggest that discrepancies in the slope may be caused by the inclu-
sion of low mass or low temperature systems. They performed three separate studies to test these
suggestions and compare their results to the expected value of B = 1.5 and the value obtained
with their complete sample of 39 clusters (B = 1.78 £ 0.09). In the first test they removed all
galaxy groups from their sample (M5 < 5 x 10¥ M) and found that the slope decreased to
B = 1.58 £ 0.07, which is consistent with the expected value. They also tested the effect of the
temperature on the sample by performing a fit for all clusters with Tx > 3.0 keV and T’x < 4.5
keV. They found a much steeper relation of B = 1.87 £ 0.15 for the cooler clusters. This steeper
slope is in agreement with studies by Nevalainen et al.|(2000) and /Arnaud et al.| (2005), who also
include low temperature clusters in their sample and get slopes of B ~ 1.70 — 1.84. |Arnaud
et al.| (2005)) also find a decrease in the slope (B = 1.49 &£ 0.154) when they exclude the lowest
temperature clusters. A study by |Castillo-Morales and Schindler (2003)), however, contradicts
this finding by obtaining a slope of B = 1.70 £ 0.20 when using a sample with clusters with
Tx > 4.7 keV.

For our sample, our temperature is in the range 1.0 < T'x < 9.0 keV. Our sample size of 38
clusters offers an improvement on all previous studies except that of [Finoguenov et al.| (2001)).
From our fits we obtain B = 2.44 £ 0.37 and B = 1.11 £ 0.29 for the orthogonal and Bayesian
Gaussian mixture model fits, respectively. The orthogonal slope is much higher than found in all
other previous literature but is within 30 of the expected value. The Bayesian Gaussian mixture
model fit appears to be in good agreement with the expected value but is less than that determined
by previous studies. Due to the small sample of previous measurements, we can not definitively
determine which of our two methods is performing the fit better, and therefore we compare them
using simulated data for which the slope is known. We again note that as we are using dynamical
masses instead of X-ray hydrostatic masses for these comparisons, we expect some variation in

the results.
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Figure 4.3: In this plot we show a set of simulated data (black points), with the red solid (blue
dashed) best fit line obtained using the orthogonal (Bayesian Gaussian mixture model) fitting
method. The red dashed lines show the 95% confidence interval for the orthogonal fit. The
image on the left has an intrinsic scatter, S = 0.3 and the image on the right has an intrinsic
scatter, S = 0.05. For the image on the left, the orthogonal fit has a much higher slope than that
from the Bayesian Gaussian mixture model fitting method, resulting in an under-estimation of

the mass at low T'x values and an over-estimation at high 7'y values. For the image on the right,
the orthogonal and Bayesian Gaussian mixture model are in agreement and accurately recover

the slope and normalisation.

4.4.3 Comparison of fitting methods

To create our mock data, we simulated 100 random points with the same temperature range as our
sample and calculated the corresponding M5 values based on a correlation with slope B = 1.5,
intercept A = 3.16 and scatter S = 0.3. Errors of 10% are then added onto both M and 7'
Both fitting methods were then used to determine best fit values for the parameters, an example
of which is shown in Figure d.3] This process was repeated 1000 times to produce the posterior
distribution of the recovered fit parameters. We calculated the mean and the standard deviation
of this distribution and retrieved the values for the parameters. For the orthogonal method the

fit was found to have the form Mgy = (3.81 & 0.61) x 10 (ZZEL20T) apq for the Bayesian
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Figure 4.4: We show the distribution of the two fit parameter values, A and B, for the Bayesian
Gaussian mixture model (a and b) and orthogonal (c and d) fitting method. The value for A
was well fitted by the Bayesian Gaussian mixture model but was higher than the input parameter
(A = 3.16) for the orthogonal fitting method. The input value (B = 1.5) for B was well
recovered by the Bayesian Gaussian mixture model fitting method, but was much steeper for the
orthogonal fitting method.

Gaussian mixture model it was Mgy = (3.11 £ 0.41) x 10 (1452019 " The histograms with

parameter values are shown Figure 4.4

Due to the high value for the orthogonal fit, we investigated further to try to determine the

cause of the high bias. We varied the values for the scatter when making our simulated data
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Figure 4.5: We show the distribution of the two fit parameter values, A (a) and B (b) , for
the orthogonal fitting method when the intrinsic scatter is reduced to S = 0.05. For this small
intrinsic scatter we were able to accurately recover both the slope and normalisation when using
the orthogonal method.

and found that if the scatter was decreased to S = 0.05 then the slope was recovered accurately
(Figure [4.5). When a plot has high scatter, the orthogonal method under-estimates it producing

an over-estimated slope. Therefore, the higher the scatter the higher the bias on the slope.

This concern regarding the inability of the orthogonal method to accurately recover the slope
of a fit, resulted in us re-examining the o, — 7' results. However, we found that the intrinsic
scatter in our o, — 7' relation for all of our orthogonal fits was ~ 0.05. Therefore we believe
that our fitting for the o — 7' relation is not affected. Also, if we consider the qualitative sense
of the result of a biased fit by the orthogonal regression it means the slope value may be biased.
However, we showed in Chapter 3, that a biased slope value doesn’t affect the conclusion that

there is no significant evolution.

The Bayesian Gaussian mixture model, over-estimates the scatter, resulting in the very slight
under estimation of the slope we observe. From these results, we can conclude that the Bayesian
Gaussian mixture model fitting method is preferable over the orthogonal method for testing the

M — T scaling relation when there is large scatter in the data. The most likely reason for
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Table 4.5: Best fit values for the parameters in Equation (slope B, intercept A, and scatter

S) for the two different methods when fitting to the Millennium simulation data.

Method Tracer | A (x10'%) B S
Orthogonal DM 7.80 £ 1.01 | 1.644 £0.016 | 0.072 £ 0.001
Kelly| (2007) DM 7.11 £1.01 | 1.455 £0.018 | 0.069 + 0.001
Orthogonal | Galaxies | 6.95 + 1.02 | 1.895 + 0.040 | 0.047 £ 0.001
Kelly| (2007) | Galaxies | 5.98 & 1.01 | 1.587 £ 0.024 | 0.094 + 0.002

this is due to the more descriptive likelihood method used in the Bayesian Gaussian mixture
model fitting, allowing for a more precise model. We can not conclude if this will always be
true, as further studies and different relations would be required. An important point to note
is that the success of the Bayesian Gaussian model fitting method is affected by the choice of
the independent variable, and this should be taken under consideration when using this fitting
procedure. This choice is not always a simple one to make and can therefore negatively impact
the obtained results. The method described by |[Kelly| (2007) does have the advantage that if the
selection function for your data is known, it can be added into the fit to decrease its effects. This

is currently unavailable for our sample as the selection function for XCS is unknown.

4.4.4 Comparison with simulations

As a further check for our work, we use our two fitting methods to determine the M (;1 Ty
relation for the Millennium Gas Project simulations used in Chapter [3|for the o — T  relation. The
results for this fitting are shown in Table[4.5] When using galaxies as the tracer we found that the
slope was steeper than expected for both the orthogonal and Bayesian Gaussian mixture model
method. This is expected as the o, — T was also high for the galaxies. When using dark matter
as the tracer we find results that are more consistent with the expected result. For the orthogonal
fitting method, we obtain B = 1.644 £ 0.016, which is steeper than the expected slope but in
agreement with the previous studies, given in Table using the same temperature range. The
Bayesian Gaussian mixture model method gives a value of B = 1.455 £ 0.018, which is lower
than previous literature studies. Figure [4.6|shows these fits plotted with the data from the Millen-

nium Gas simulations. Due to the small scatter in this plot the orthogonal method is producing a
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Figure 4.6: We compare the best fit Mglgg — T'x relation for the Millennium Gas Project Sim-
ulations for the two fitting methods using both dark matter (a) and galaxies (b) as our tracer.
The black points are the simulated data with the red solid line representing the best fit obtained
using the orthogonal fitting method. The blue dashed line shows the best fit line obtained for the
Bayesian Gaussian mixture model fitting.

reliable result, compared to the Bayesian Gaussian mixture model which is over-estimating the

scatter and obtaining an under-estimated relation.

The masses for this simulation are calculated using Ry and thus, for easy comparison and
to avoid bias possibly introduced by the conversion to M/, glg; , we offer a comparison here to our
Mggg relation. In this case, the slope obtained for our data is B = 2.64 & 0.38, which is steeper
than the result obtained for either fit to the simulation data. This steeper than expected slope was

also observed in the o, — T'x relation and it was discussed in detail in Sections [3.5.2] and [3.5.3]

We believe that the steepness observed here can be attributed to the same reasoning.
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4.4.5 Dynamical Mass vs Hydrostatic Mass

Since all the previous works we use for comparison calculate the mass using the hydrostatic
equation rather than dynamically, we wanted to make a comparison between dynamical and X-
ray hydrostatic masses. A comprehensive review of the comparisons between mass estimates is

given by Sadat| (1997). Here we summarise the main findings.

The hydrostatic mass has three main advantages over the dynamical mass we calculated.
Firstly, the accuracy at which the hydrostatic mass is calculated is not dependent on the number
of galaxies in the cluster, and can be improved by observing the cluster for longer to obtain more
X-ray counts (Girardi et al., 1998). The correct method for determining cluster membership also
plays a major role with regards to this, and the inclusion of foreground or background sources
can cause a bias dynamical mass calculations. This leads to the second advantage which is that
X-ray observations are not as greatly affected by foreground galaxies or projection effects (Voit,
20035)). It also allows for the detection of substructure which may affect the result. Lastly, since
the gas in a cluster is a collisional fluid, the velocities of the particles are isotropically distributed.
However, galaxies are collisionless, resulting in velocity anisotropies which can have a negative
effect on mass calculations, therefore the mass calculated from the gas, i.e., the hydrostatic mass

is better. (Wojtak et al., 2009).

Although the above properties lend support for using hydrostatic masses over dynamical val-
ues, there are two very large disadvantages of the hydrostatic mass: the measurement of the
temperature profile, and the assumption of hydrostatic equilibrium. The hydrostatic mass is de-
pendent on the density and temperature of the gas within a cluster (Equation 4.1). The density
can be measured with relative ease from the surface brightness of the cluster (Croston et al.,
2006)), but temperatures require sufficient photon statistics to fit and build a spectrum (Leccardi
and Molendi, 2008). This requires very long observation times and therefore the temperature
profiles are not determined with the same resolution as the density profiles. There is also the

added complication by the density squared dependence (n?) on the X-ray emission and the steep
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drop in X-ray surface brightness as you move away from the cluster centre (Pratt et al., 2007).

The assumption of hydrostatic equilibrium is a requirement for calculating hydrostatic masses.
In order for this to be true, the cluster must be stationary, have no forces except gas pressure and
gravity acting on it, and any motions in the gas must be travelling at speeds less than the speed
of sound Sarazin| (1988)). However, clusters are dynamic and active and their state is signifi-
cantly different from the equilibrium position, resulting in hydrostatic masses under-estimating
the mass of the cluster Lau et al.|(2013). Therefore the hydrostatic mass bias is one of the largest
sources of uncertainty in cluster cosmology (Allen et al.| 2008, Vikhlinin et al.| 2009, Planck
Collaboration et al.|2014d). It is therefore essential to constrain this bias. Without a complete

sample, calculating a mass bias is not accurate and therefore we rely on results from simulations.

Simulations have found the hydrostatic bias to be 10%. (see, e.g., Nagai et al.,[2007; Jeltema
et al., 2008; |Piffaretti and Valdarnini, 2008; Meneghetti et al., 2010; |Burns et al., 2010; [Lau
et al., [2013)). If this is true for our sample, it implies that our dynamical mass calculation may
be over-estimating the mass of the clusters, which can be seen in most of our clusters when a
comparison is made between the hydrostatic and dynamical masses. This would cause a steeper

than expected M — T'x relation, which is what we observe.

4.5 Conclusions

In this chapter we discussed the importance of the M — T'x relation in terms of astronomy
and cosmology. We performed a fit using two methods, the orthogonal method discussed in
Chapter 3] and a Bayesian Gaussian mixture model described in [Kelly (2007)). The orthogonal fit
resulted in a steeper than expected slope but which was consistent within 30 while the Bayesian
Gaussian mixture model method provided an improved, but shallower than expected slope. We
compared our fitted results to previous studies and found that the Bayesian Gaussian mixture
model method gave a consistent result. The slope obtained from the orthogonal method was

much higher than all previous studies. We tested the validity of both methods by using a set
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of simulated data and determining which recovered the simulated slope most accurately. The
Bayesian Gaussian mixture model method was found to be the most consistent over a set of 1000
runs. Upon investigation it was discovered that the slope for the orthogonal method is biased high
due to an under-estimation of the scatter. This bias increases for data with larger scatter. They
Bayesian Gaussian mixture model over-estimates the scatter, resulting in an under-estimation of
the slope. This is clearly seen when determining the fit for Millennium simulation data. Due
to the small scatter, the orthogonal result returns the better fit. Previous studies of this relation
used hydrostatic masses rather than the dynamical masses used here and therefore we offered a
comparison between the two, listing the differences. We also discussed the hydrostatic mass bias
and calculated it for our data, finding a bias a little higher than expected. This suggests an over
estimation in the masses of our clusters. The correct method for the measurement of the mass of
galaxy clusters is still a highly debated topic, with each method having its own set of advantages

and disadvantages. This results in high systematic errors in constraining cluster cosmology.



. . L. B .
Table 4.6: Previous measurements of the Msoo — T'x relation. Here the relation is in the form Msoo = A (55-) ", where Msg is

measured in 10*4 M/, and T’ is measured in ke V.

Paper Number of clusters | Redshift Range | A(x10'%) B Temperature Range (keV)

Arnaud et al.|(2005) 10 0.04 <2<0.15 | 3.84 £0.14 | 1.71 £ 0.09 2.0-9.0

Arnaud et al.|(2005) 10 0.04 <2<0.15|410£0.19 | 1.49 £0.15 3.5-9.0
Castillo-Morales and Schindler|(2003) 10 0.03<2z<0.09|503+£045|1.70£0.20 47-9.4
Ettori et al.|(2002) 20 0.01 < 2<0.10 1.89 £ 0.20 3.0-10.0
Finoguenov et al.|(2001) 39 0.01 < 2<0.07|422+0.85| 148 +£0.10 3.0-10.0
Finoguenov et al.|(2001) 39 001 <2<0.07]245+£044 | 1.87 £0.15 0.0-4.5
Nevalainen et al.|(2000) 9 0.01 < 2<0.08 | 1.55+0.50 | 1.84 £ 0.51 0.0-10.0
Vikhlinin et al.|(2006b) 13 001 <2<023]619+£1.03 | 1.58+0.11 0.7-9.0°¢




CHAPTER 5

DIFFUSE RADIO EMISSION

As mentioned in the introduction, the realisation that radio sources and galaxy clusters can be
linked occurred in the 1960s. Since then many studies have been performed in the radio wave-
length of sources both within the field and clusters. It was discovered that two main types of
radio sources exist: diffuse radio emission and compact radio sources. In this chapter, we will
focus on the diffuse radio emission and its link to different galaxy cluster properties. Since it was
shown that diffuse emission is often a sign of a merger, we will also look at what effect mergers,
have on scaling relations. We also present new VLA observations of three of the clusters in our
sample. We will also look at where clusters with radio halos lie on the o, — T’x plane and how

they differ from clusters without radio halos.

5.1 Diffuse emission and the link to galaxy cluster properties

The properties of the diffuse emission are linked to the properties of the galaxy cluster. The
most well studied is the link between the detection of diffuse emission and its X-ray luminosity.
Giovannini et al.| (1999) identified that diffuse radio emission is detected more often in clusters
with a high X-ray luminosity. They only found this emission in 6-9% of clusters with Ly < 10%

erg s—!, but found them to be present in 27-44% of clusters with Ly > 10% erg s~*!, depend-

116
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ing on the type of diffuse emission. (Cassano et al. (2011) were able to prove statistically that

1 |Giovannini and Feretti

radio halos are found in 30% of clusters with Ly > 5 x 10 erg s~
(2002) find that radio relics occur in approximately 25% of clusters with this same luminosity

level. This suggests that diffuse radio emission is only found in the most X-ray luminous clusters.

Liang et al. (2000) used data for the 10 known radio halos, at the time, and compared the
radio power of the halo to the X-ray luminosity. They became the first to detect a power-law
relationship between these two quantities. This correlation was confirmed in studies by Feretti
et al.| (2000) and |Govoni et al.| (2001)). [Bacchi et al.| (2003)) added 6 new radio halo detections and
re-examined the relationship finding that P 4qp, oc LY%*°'°, Extrapolation of this correlation
to below the threshold of Ly = 10% erg s~ finds that the radio power of the halos would be of
the order 10> W Hz~!. If a radio halo with a size of 1 Mpc contained this much power the radio
surface brightness would be below the limits of current telescopes. This could be the reason why
radio halos are only detected in the most luminous clusters. However, it may be wrong to assume
that the halos of lower luminosity would be as large as 1 Mpc, as observations find them to be
smaller. |[Feretti et al. (2012)) compiled a list of all known radio halos and relics up to 2011 with
their relevant radio powers and X-ray luminosities. They determined that P, 4qp, < L% for radio
halos and P; 4qn, o Lﬁf for radio relics. Figure shows these correlations and also combines
them in (c). From this plot we can see that at high radio powers and X-ray luminosities, halos
and relics show a similar relation with small dispersion. As we look towards the lower X-ray
luminosities the dispersion increases for both halos and relics. This suggests a link between the
origin of both of these sources of diffuse emission. Another interesting point to note is the pres-
ence of more relic sources at low X-ray luminosities than than halo sources. This could provide

us with more information about the differences between the two types.
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Figure 5.1: These three images show the correlation between the radio power of the diffuse
emission, in halos (a), relics (b), and combined, and the X-ray luminosity as determined in
Feretti et al.| (2012)).

Since the X-ray luminosity is a tracer of the mass of a cluster, the correlation could be ex-

tended to that between the radio power and the mass. (Govont et al. (2001) first determined this

relation using only 6 galaxy clusters containing radio halos and found a well fitted power law of

the order P 4qu, X ME?(')%. Feretti| (2003) add 4 more galaxy clusters and find the relation to be
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Figure 5.2: These two images show the correlation between the radio power of the diffuse
emission in halos as determined by Govoni et al.| (2001) in (a) and Feretti| (2003)) in (b).

P schH, M;O% (Figure . Theoretical predictions by Kempner and Sarazin (2001} predict

P acn, X Mg(')%, showing good agreement to observations.

Since the cluster temperature is also linked to the X-ray luminosity we also expect a relation
between the radio power and the X-ray temperature of the cluster. Colatrancesco (1999) and
Liang (1999) both determined a correlation between the radio power of halos and their X-ray
temperature. (Colafrancesco (1999) fitted the relation and obtained P 4qp, o< T )0('16i0'08. Liang
et al.| (2000) confirmed this relation when adding 6 additional radio halos. The steepness of this
relation shown in Figure [5.3] suggests that radio halos are only easily detectable in galaxy clus-
ters with a high X-ray temperature and moderate redshift. The halo brightness rapidly diminishes
with redshift, making detection difficult. However, at low redshift they are also difficult to detect

because they can be resolved out in interferometric maps.
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Figure 5.3: These three images show the correlation between the radio power of the diffuse
emission in halos by (a),|Colatrancesco (1999) and (b) Liang et al.| (2000).

We can conclude from this section that the thermal X-ray emission and the non-thermal
radio emission must be linked in clusters containing both radio halos and relics. This suggests
a similarity between the two types of diffuse radio emission, that is not yet fully understood.
However, we do know that halos are usually found in disturbed clusters containing recent or on-
going mergers, and relics can be found in disturbed or relaxed clusters, containing a cooling core.

Therefore, we will now look at what effect mergers and cooling flows have on scaling relations.

5.2 Effect of mergers and cool cores on scaling relations

Since scaling relations are important tools for understanding the formation of large scale struc-
ture and cosmology (Section [I.4) it is necessary that we understand any instances which may
cause scatter or affect the relation. Examples of this include cooling flows and mergers. Fabian
(1994) and Markevitch et al.|(1998b)) studied the scatter in the L x — T'x relation and found that it
was linked to cooling flows in the central regions of the clusters. McCarthy et al. (2004) showed

that the position of a cluster on the Lx —T'x and M — T'x relations was dependent on the entropy
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of the central region and hence the morphology of the cluster core. They found that clusters
with a cool-core tend to have a high luminosity and a low temperature and those without have a
low luminosity and a low mass. |O’Hara et al. (2006) identified that the scatter in clusters with
a cool core was larger than in clusters without. However, by removing the cores of both types
during analysis they were able to determine that they became indistinguishable, identifying the

morphology of the cluster core as a key issue.

Balogh et al.| (2006) confirm this theory by ruling out dark matter structure and uncertainty
in cosmological models as causes of the scatter. They suggest that instead it could be related to
variations in the efficiency of heating and cooling in the cluster centre. They offer little expla-
nation as to the cause of this variation, except to mention that they do not believe it is caused
by mergers. Their reasoning is that previous theoretical models of mergers show that they cause
systems to evolve parallel to observed scaling relations (Rowley et al.,[2004). Smith et al. (2005)
show the opposite results, finding that the scatter in the scaling relation is dominated by the un-
relaxed systems. They also find that the disturbed clusters are ~ 40% hotter than similar sized
relaxed clusters and conclude that the scatter is caused by merger-induced boosts to the X-ray
temperature and luminosity. Therefore, the exact effect of mergers on scaling relations is still a

hot topic for debate.

This has resulted in many authors removing the central core of clusters before performing
cosmological studies but [Poole et al.| (2007) realised that by not excluding the cores, they could
determine valuable information regarding the processes which shape them. These processes —
including but not limited to mergers, AGN, and pre-heating — change the entropy of the core and
hence its morphology. |Poole et al. (2007) use simulations to focus on the effect of mergers on
the scaling relations. They found that the X-ray properties of a cluster follow an evolutionary
sequence when undergoing a merger. They found that these properties, specifically Ly and Ty,
initially have a large increase as the cores begin to interact. The expansion of the primary sys-
tem then causes these values to drop, followed by a second spike when accretion begins. Once

the cluster has returned to its relaxed state, the properties increase again as a cooling flow is
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Figure 5.4: These three images taken from Poole et al. (2007) show how the X-ray luminosity
(a), X-ray temperature (b), and mass of a cluster (c) vary during a merger event. The values in
bold on the edges of each image identify the mass ratio of the clusters involved in the merger
and the type of merger (head-on or two different off-axis collisions). The vertical dotted lines
indicate the time of first crossing, core interaction, accretion, and when the cluster is back in
a relaxed state. In (a) the blue line follows the evolution when the core has been removed and
the red line shows the evolution with the core present. In (b) the various lines indicate the types
of temperature. Red is the emission-weighted temperature, black is spectrally fit temperatures
and blue is the spectroscopic like temperatures. In (c) the various lines indicate types of masses
measured. The solid black line is the actual total mass, the red line is the hydrostatic equilibrium
mass and the blue line is the isothermal S model mass.
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re-developed and accretion of displaced material occurs. The mass of the clusters tends to evolve
in the same way. In Figure we show this evolution for Ly, Tx, and the cluster mass for
different mass ratios of the merging clusters and different types of collisions, including head-on
and off-axis. This results in the mergers evolving in a specific way along the scaling relations.
At first they follow the relation, then they drift due to the merger and once relaxed again, go back
onto the relation. Therefore, Poole et al.| (2007) conclude that a typical merger can not account

for the scatter in the scaling relations.

Hartley et al. (2008) focus specifically on the Lx — T’y relation using Millennium Gas Sim-
ulations. They found that mergers boost a cluster’s temperature and luminosity. They identify
that the brightest clusters are therefore near the peak of a merger, while those of low temperature
and low luminosity are just beginning the merger. They obtain a slope for this relation which is

slightly below the mean Lx — T'x relation slope (Figure [5.5).
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Figure 5.5: This image, taken from Hartley et al. (2008)), shows the relative motion of different
mergers on the Lx — T'x plane using red lines. The dashed line represents the mean Ly — T'x
relation and the dotted line represents this relation for the sample containing merging clusters.

From these studies, we can conclude that mergers and cooling flows can have a significant

affect on the various scaling relations. This in turn affects cosmology parameter calculations and
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can therefore result in inconsistencies in our understanding. To improve on this we need to gain
a better knowledge of these events. Since radio halos are thought to be caused by merger events,

by studying them in relation to scaling relations, we may learn more.

5.3 Diffuse emission and the o, — T’y relation

In Section we reviewed how mergers cause a change in the Lx — T’y and M — T’x relations
but to date no study has been done on their effect on the o, — T'x relation. In this section we look
at known radio halos, which show the presence of a merger, and compare their position on the

oy — T'x plane to clusters without a halo.

5.3.1 Sample

A recent study by Cuciti et al. (2015)) searched for the presence of radio halos in a SZ selected
sample of clusters from Planck (Planck Collaboration et al., 2014a)). They wanted to determine
if the occurrence of radio halos was dependent on their host cluster mass. Due to the close re-
lationship between the SZ signal, Y5, and the cluster mass, Msq, this provided an unbiased
sample that was almost mass-selected. This sample consists of 1227 objects, 861 of which are
confirmed clusters. It spans the cluster range from 0.1 to 1.6 x10'° M, and goes out to a redshift
of approximately 1. |Cuciti et al.| (2015)) selected all the clusters within this sample which had
Moo > 6 x 10 M, and a redshift range of 0.08 < z < 0.33. The mass selection was put
in place to exclude poor clusters and groups (Basu, [2012)) and the redshift range was chosen to
mimic where the most radio halos have been found. Since they wanted to search for diffuse radio
emission using the GMRT RH survey (GRHS), its extension (EGRHS), and NVSS they had to
include a declination limit. For clusters with z > 0.2, the limit was § > —31°, for lower redshifts
it was 0 > —40°, resulting in a sample of 54 clusters with z > 0.2 and 21 clusters in the range
0.08 < z < 0.2. Of the 54, 34 belonged to EGRHS and had deep radio data and a further 2

had literature information. In the low redshift sample, data for 14 of the clusters was taken from
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literature and the other 7 were studied with data from NVSS. The total sample size was therefore
57 clusters. They detected diffuse radio emission in the form of radio halos, relics or mini-halos
in 35 of these clusters, with suspected emission in a further 4. No radio halo was detected in the

remaining 18, but upper limits were found for 11 clusters.

They also provided a dynamical study of these clusters using X-ray data. 50 out of the 57
clusters had Chandra archival data and 24 of these already had dynamical information based on
this data (Cassano et al., 2010). |Cuciti et al. (2015) used the data to image the remaining 26
clusters and determine their dynamical state. They found that all the clusters that hosted a radio
halo or relic and 10 out of the 18 without a halo had evidence of merger activity. All 9 clusters
hosting a mini-halo were found in a relaxed cluster as expected (Section |1.3.3.4). The clusters
with X-ray morphology suggesting a merger that lack a radio halo can be explained by the pri-
mary model for their origin. Since the generation of turbulence and its subsequent dissipation
are not instantaneous, the relativistic electrons may not be re-accelerated straight-away, resulting
in an ‘off-phase’. During this time the X-ray will show a disturbance in the cluster but the radio
halos will be undetected (Donnert et al., [2013)). Their work has provided us with a good sample
for studying where clusters with diffuse emission lie on the o, — T'x plane in relation to those

which do not.

We combined the radio halos and relics together to form a sample of clusters with Mpc diffuse
emission and the mini-halos and non-detections together to form a sample without Mpc diffuse
emission. For both samples, we performed a literature search to determine reliable values for
oy and Ty and made extensive use of the Base de Données Amas de Galaxies, an X-ray galaxy
cluster database (Sadat et al.| 2004). The results are shown in Tables [5.5] and [5.6] at the end of

this chapter.

In Figure [5.6] we plot the two samples on the o, — T’y plane. We further separate the sam-
ple with no diffuse emission into clusters which show evidence of merging and those which do

not. Due to the small sample size, we are not able to fit the data to obtain a o, — Ty relation.
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Figure 5.6: In this image we plot the velocity dispersions and temperatures of the clusters in
our two samples. The sample of cluster hosting diffuse emission are shown in red. We separate
the sample with no diffuse emission into relaxed (blue) and merging (black) systems. Due to
the small sample size we are unable to fit the two samples, but analysis shows that the scatter
is slightly increased for clusters with diffuse emission and clusters without diffuse emission but
that show signs of merging when compared to relaxed clusters with no diffuse emission.

However, we calculated the intrinsic scatter of each sample around our best-fit o, — T'x from our
combined sample (Chapter |3l We find the following: For clusters with 1 Mpc diffuse emission
S = 0.116 £ 0.021, for clusters without 1 Mpc diffuse emission that show signs of merging
S = 0.117 4+ 0.022 and for relaxed clusters without diffuse emission S = 0.096 4 0.019. The
scatter in the relaxed cluster is slightly less, as expected, but since all the results are consistent
within 1o there is no obvious split in the samples. Therefore, we can tentatively conclude that
the presence of diffuse radio emission does not result in an obvious deflection from the o, — T'x
relation. In order to improve on this we need to increase our sample size and therefore we present

here 3 new VLA observations of XCS clusters.
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5.4 VLA observations

5.4.1 Motivation and Proposal

The turbulent re-acceleration model, if responsible for the origin of radio halos, suggests that the
presence of a radio halo is dependent on the cluster merging rate and the mass of the clusters.
Both these properties affect the the amount of energy available for the re-acceleration of the rela-
tivistic particles. The models predict that the spectra of the radio halos will steepen at a frequency
that depends on how energetic the merger is, and hence the cluster’s mass. Therefore, the more
massive and energetic the merger, the greater the probability of detecting a radio halo (Cassano
and Brunetti, 2005). The less massive and less energetic mergers are thought to produce ultra-
steep spectrum radio emission, which become difficult to detect at higher frequencies (Cassano
et al.|2006, [Brunetti et al.[2008| [Dallacasa et al.[[2009, (Cuciti et al.[[2015). In 2015, we submitted
a proposal to VLA to observe 3 low mass galaxy clusters, using the VLA D configuration, to see
if we could detect a radio halo. In the D configuration all the telescopes are located within 0.6
km of the central core, resulting in the shortest baselines and hence the best sensitivity to large
scale structure. This is particularly important for our pilot study because due to the low redshift,
if a halo is present, it will appear large on the sky. However, a lack of long baselines will result
in a lower resolution image which we will discuss in Section[5.4.6] A non-detection would offer
proof that the turbulent re-acceleration model may be correct. This was a pilot project with a

small sample size, that if successful could lead to further studies.

We proposed to observe 3 clusters, XMMXCS J151618.6+000531.3; XMMXCS J104044.4
+395710.4 and XMMXCS J111515.6+531949.5 (hereafter J1516, J1040, and J1115, respec-
tively), from our XCS sample (Chapter [2)). All these clusters have dynamical information as
well as X-ray temperature and luminosity measurements. By observing them in the radio, we
can provide a multi-wavelength study of these clusters. The 3 chosen clusters have a low mass,
Mspo ~ 4 x 10 M, and a low redshift since almost all radio halos have been found in clus-

ters with z < 0.35 (Cassano et al.| 2010). The properties of these 3 clusters are given in Table[5.1]
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Table 5.1: Properties of the 3 clusters observed by VLA. The M;5y, value was taken from our
dynamical calculation in Chapter [ and the right ascension, declination, and redshift (columns 2,
3, and 4 respectively) are taken from Chapter 2] The bolometric X-ray luminosity as calculated
by XCS is given in column 7, with their corresponding 0.1-2.4 keV band luminosities estimated
using Bohringer et al. (2004)) provided in column 8.

Cluster RA DEC zZ M;lggl LX L[0.1_2.4] keV
Name (J2000) (J2000) [10"M,] | [10** ergs™!] | [10** ergs™!]
J1040 | 10"40™44.5% | 39°57'10.4" | 0.14 | 5.64 +£2.70 | 8.89 4+ 0.03 5.01 +0.02
JI115 | 11"15™15.6° | 53°19'49.5"” | 0.47 | 549 +£5.15 | 18.13+£0.52 | 8.24 +0.24
J1516 | 15"16™18.6° | 00°0’31.3” | 0.12 | 5.91 £4.09 | 4.51 +0.01 2.05 +0.01

All three of these clusters have previous VLA observations (NVSS and FIRST) and the NVSS
images for J1115 show potential diffuse emission. The X-ray images and preliminary analysis
for these clusters (Figure |5.7)) show that they are likely to be dynamically disturbed or merging

systems. Therefore, they are good candidates for hosting a radio halo.

We proposed to observe these three XCS Clusters at 1.4 GHz with the VLA configuration
D for a total time of 25 minutes per source. For these integration times we do not have to
worry about being confusion limited as the confusion limit for VLA D configuration in L-band
is 89 ply/beam (Witz, Stephan W. |, 2015). After the observations were completed, we found
that the on source time was not sufficient to get proper uv-coverage. Therefore the results we
present here are just preliminary findings and will require further follow up study. A further
improvement could be made by including data from the VLA configuration C. This would help

to reduce confusion noise and help with the detection and removal of point sources.

5.4.2 VLA data reduction and analysis

The three clusters were observed in October 2015 (PI: S Wilson, ID: VLA/15B-102). In this

section we look at the analysis of these data.
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Figure 5.7: Here we show the smoothed X-ray images for each of our clusters with NVSS
contours (black) overlaid. The X-ray images are smoothed with a Gaussian filter of FWHM = 26"
for J1040, and FWHM = 13" for J1115 and J1516. The contour levels are at [3, 6, 12, 24, 48, 96] x
0.5 mJy beam~! for all radio images. The units on the colour bars are counts.
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5.4.2.1 Interferometry and calibration

Radio interferometers are made up of N antennas that can be broken up into w

antenna
pairs. To explain the process by which a signal is obtained we consider the simplest case of two
antenna separated by a baseline distance 0. Antenna 1, V; and antenna 2, V5, will both record
a signal, but the signal received by V5 will experience a phase shift of 7,, which is dependent
on the viewing direction and b. To produce a single amplitude and phase measurement the two
signal are multiplied and averaged. The position of this signal on the uv-plane is determined by

the projected baseline through a Fourier relationship. A single baseline can fill up more than one

space on the uv-plane by using the rotation of the Earth to produce multiple projected baselines.

The signals recorded by the radio interferometers represent the intensity of the true sky as
a Fourier transformed complex visibilities described by amplitude and phase components. Cor-
rupting effects, such as the ionosphere, pointing errors, system noise and radio frequency in-
terference (RFI) as well as antenna responses change the true sky density, therefore it order to
reconstruct it corrections must be made for these modifications. After this it is Fourier trans-
formed back into the image plane. This is the basic principle on which radio data reduction is

formed (Thompson et al., 2001).

We need to model and correct for these effects that modify the intensity in order to be able to
Fourier transform them into an image. To model for the antenna response to the sky we observe a
bright and compact calibrator source for which the flux is known. This can be used to determine
a flux scale for the uncalibrated sources and determine phase solutions for applications to the the

target data.

Many software programs exist to reduce radio data using the same core principles. They
require two calibrators: the primary calibrator, a well-studied bright source, to be used to deter-
mine the flux scale and primary phase calibrators and a second weaker calibrator closer to the

source to apply accurate phase solutions. The Common Analysis Software for Astronomy pack-
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age (CASA; McMullin et al.2007) was developed by NRAO, NAOJ, Penticton, and U. Calgary
for the ALMA and EVLA observatories and Version 4.4.0 was used to reduce our JVLA data.
The VLA calibration pipeline is an automated data reduction pipeline for Stokes I continuum

data (Chandler, |2016) that was applied to these data (Version 1.3.4).

5.4.3 JVLA pipeline

In this section we give the steps followed by the pipeline with an explanation of the most impor-
tant tasks. Before any data reduction can be done the model visibilities for calibrators are set,
either from point source visibilities or visibilities from previous images or known flux densities.
A antenna which will be stable for most of the pipeline is also automatically chosen. Then the

process takes the following steps:

1. Hanning smoothing - If a sharp frequency jump, caused by removing a single channel with
strong RFI, is Fourier transformed it can result in the Gibbs phenomenon (Gibbs, |1898)),
which produces ripples in the image. Hanning smoothing causes the edges of the flagged

region to become more attenuated and hence reduces the ripple effect (Tukey, [1977).

2. Auto flagging - During this stage, flags that were generated during observations are ap-
plied. The time based flags include online flags, shadowed data, zeroes, pointing scans,
and quacking. The channel based flags include removing the end 5% of channels of each
spectral window and the 10 end channels at the edges of basebands. Shadowed data is
due to close proximity of dishes to one another, resulting in them casting shadows on the
nearby dishes and blocking the signal. Quacking removes the first 5% of each scan to

eliminate data when some antennas are still slewing to the scan target.

3. Prior calibration - Previously known calibration quantities, such as antenna gain curves,
atmospheric models, delays, and antenna position offsets are pre-applied. The elevation
of a telescope effects the amplitude of the signal the antenna receives. Since antennas are

not absolutely rigid, their effective collecting area and net surface accuracy vary as gravity
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deforms the surface. Gain curves help to compensate for these effects. Since the antennas

for VLA can move, it is important to check for and apply off-sets.

4. Test calibration - In this step bandpass and delay calibrations are tested by solving for the

relative gain of the system over the frequency channels.

5. Flag bad deformatters and RFI - The signal on each antenna is converted from electronic
to optical before it can be sent along the optic fiber link. When it arrives at the correlator
it is deformatted back to an electronic signal. Sometimes the timing on the deformatter
is mis-aligned resulting in phase and amplitude peaks, which may in turn result in bad
spectral windows. In this step, these bad deformatter and RFI are flagged in the bandpass

amplitude and phase tables. Any RFI on the bandpass calibrator is also flagged.

6. Semi-final delay and bandpass calibrations - Repeat of step 4. Since the spectral index has

not yet been determined, this is not the final set of calibration performed.

7. Flagging; re do bandpass calibration - The previous flags are applied to the calibrator and

further flagging is performed.

8. Determine optimal solution interval to calculate time-dependent gain solutions for scan-

average equivalent.

9. Flux density bootstrapping - The flux density scale is established in this process. If only
some of the calibrators have known flux densities then the gain solutions are re-scaled and

flux densities of secondary calibrators are derived.
10. Apply calibration - The calibration is applied to all sources and checked.
11. Final flagging - One last round of automated flagging is run.

The final steps of the pipeline are to calculate data weights based on the standard deviation
within each spectral window and make final uwwv-plots for visual inspection. These plots, com-
bined with the QA2 scores for each primary step, can be used to gauge how well the pipeline ran

on the input data before initial analysis can begin. A QA2 score is either Pass, Partial, or Fail
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Figure 5.8: Here we show the VLA images of J1040. Left: Image obtained after running the
VLA calibration pipeline and doing some manual flagging. The 1o rms is 0.55 mJy beam™!,
with a beam size of 38.0” x 30.9”, 83.6°. There are several stripe artifacts running appearing
close to the phase centre of the image. Right: Final image obtained after several rounds of self-
calibration. The image noise is much improved, with a 1o rms of 0.19 mJy beam™!. There is a
slight decrease in resolution (41.6” x 31.4”, -84.0°) owing to some of the longer baselines being
affected by the calibration. The white cross indicates the position of the cluster X-ray peak, with
the optically determined Rsyy region shown by the dashed white circle. The beams for each
image are shown by the magenta boxed ellipse. The colour scaling is the same for both images,

with the colourbar in units of Jy beam™!.

and is a quality measurement automatically generated for the pipeline as a whole and for each
step along the way. The final QA2 score is equal to the worst score reached for any step of the

pipeline.

5.4.4 Initial analysis

After running the pipeline on each of our three datasets, we achieved a final ‘Pass’ QA2 score
in each case. However, we proceeded to check the calibrated target dataed visually for any re-

maining bad data, which we manually flagged before imaging. The target data is used to produce
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Figure 5.9: Here we show the VLA images of J1115. Left: Image obtained after running the
VLA calibration pipeline and doing some manual flagging. The 1o rms is 0.52 mJy beam™*, with
a beam size of 48.3” x 31.5”, 76.0°. There are several negative boles and striping in the image,
indicating residual RFI or poor calibration. Right: Final image obtained after several rounds of
self-calibration. The image noise is only slightly improved, with a 1o rms of 0.45 mJy beam™1,
and a strong linear artifacts remains. There is also a slight decrease in resolution (48.3" x 32.1”,
78.1°) owing to some of the longer baselines being affected by the calibration. The white cross
indicates the position of the cluster X-ray peak, with the optically determined Ry, region shown
by the dashed white circle. The beams for each image are shown by the red boxed ellipse. The

colour scaling is the same for both images, with the colourbar in units of Jy beam~!.

an initial image via a deconvolution algorithm known as CLEAN (Hogbom), [1974). The initial
images for J1040, J1115, and J1516 are shown in the left panels of Figures [5.8] [5.9] and [5.10]

respectively. Although point sources are detected in all initial images, the 10 rms noise thresh-
olds are fairly high, being 0.55 mJy beam~*!, 0.52 mJy beam~!, and 4.96 mJy beam~for J1040,
J1115, and J1516 respectively. Artifacts are also clearly evident in these initial images, either

from residual RFI or poor calibration solutions.

The high noise values are to some extent unavoidable given the sparse uv-coverage, as shown

in figure [5.T1] This is due to the short observing time and large amounts flagging (see Table
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Figure 5.10: Here we show the VLA images of J1516. Left: Image obtained after running the
VLA calibration pipeline and doing some manual flagging. The 1o rms is quite high at 4.96 mJy
beam~! and the image has a highly elongated beam (140.6” x 32.0”, 50.6°). Right: Final image
obtained after several rounds of self-calibration. The image noise has improved by a factor of
5, with a 10 rms of 0.98 mJy beam™~'. As for the other clusters, there is a slight decrease in
resolution (41.6” x 31.4”, -84.0°). The white cross indicates the position of the cluster X-ray
peak, with the optically determined Ry region shown by the dashed white circle. The beams

for each image are shown by the magenta boxed ellipse. The colour scaling is the same for both

images, with the colourbar in units of Jy beam!.

[5.2). In general, flagging is done to remove bad data caused by antenna problems, RFI, or
other telescope issues. Since target data is calibrated by the primary and phase calibrators, if
the data on these sources is bad it results in the loss of a fair amount of target data. For all
three clusters, over 80% of the calibrator data was flagged. This is particularly high and after
investigation we find the following. For clusters J1040 and J1115, which were observed in
the same schedule block and therefore shared the same primary calibrator, large amounts of
calibrator data (~ 60%) were flagged during the first step of the process for an antenna not being
on source. Furthermore, while checking for bad deformatters or RFI in the primary calibrator
data (step 5), the pipeline identified spectral windows 8 and 9 as corrupted (Figure [5.12)) and the

entire windows were flagged for all baselines. Cluster J1516 was observed one day prior to the
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Figure 5.11: In this plot, we show the uv-coverage for each of our three clusters after apply-
ing the pipeline and performing manual flagging. The uv-coverage for all three is very sparse,
specifically for cluster J1516, which also shows an elongation along one direction. Due to the
short baselines offered by the VLA D-configuration, we are able to resolve large scale structure.
By considering the smallest available UV distance we were able to determine the largest scales
we are sensitive to for each cluster. For J1040, J1115 and J1516 the largest structure we can
resolve is 15’, 28 and 25’ respectively.
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Figure 5.12: This image shows an example of the bad spectral windows in our data in both the
amplitude (top panel) and phase (bottom panel). These bad spectral windows are caused by RFI
or bad deformatters.

other clusters. Similarly to the other dataset, large amounts of calibrator data were removed due
to corrupted spectral windows and antennas not being on source. However, an additional ~ 17%
was flagged due to shadowing (step 1) as the observed coordinates were further from zenith than

during the other observations. For all three clusters the large amount of data flagged, has greatly
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Table 5.2: Properties of the 3 clusters observed by VLA. Column 1 gives the name of the cluster.
Columns 2 and 3 give the rms noise of the initial and post-selfcal images, respectively. Column
4 gives the size of the synthesised beam size for the post-selfcal image. Columns 5, 6, and 7
give the percentage of data flagged in the primary calibrator, phase calibrator, and the target data,
respectively.

Cluster Cinital Ofinal Beam size | Primary Cal | Phase Cal Target
Name | (mJy/beam) | (mJy/beam) ("x",°) % Flagged | % Flagged | % Flagged
J1516 4.96 0.98 146 x 36, 51 88.9 90.9 86.6
J1040 0.55 0.19 42 x 31, -84 85.5 85.3 63.1
J1115 0.52 0.45 48 x 32,78 86.1 80.4 69.4

reduced the amount of target data, and negatively affected our imaging. However, with further

calibration techniques we may be able to improve the quality of the images.

5.4.5 Self calibration

A major contributor to the high image noise levels are the artifacts remaining after the initial
calibrations. These artifacts may be reduced or removed by the implementation of second gen-
eration calibration techniques, namely self-calibration (selfcal; Cornwell and Wilkinson, 1981)).
Self-calibration is when calibration solutions are determined and applied based on the target data

itself, iterating until the skymodel converges.

For all our datasets, we first applied a gain phase calibration using the target data in decreas-
ing integration times, starting at 20 minutes and ending at 1 minute intervals. This was repeated
with a combined amplitude-and-phase calibration. After each calibration step, we re-imaged us-
ing CLEAN to ensure we had good solutions and that we were not introducing further artifacts
into the images. Once the results had converged we created final images for each cluster. The
final images for J1040, J1115, and J1516 are shown in the right panels of Figures and
[5.10]respectively. There is a marked improvement in both the noise levels and image quality for
both J1040 and J1516 — the noise improves by 65% and 80%, respectively. In both cases, most
of the artifacts have been removed completely or suppressed below the noise limit. There is a

smaller noise improvement of only 13% for J1115, with some artifacts still present after selfcal.
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The 10 rms noise levels and synthesised beam for each post-selfcal image are given in Table
along with the final percentages of flagged data for each calibrator and target source. A further
technique which could be used to further improve the data is point source removal but this is left

for future studies.

5.4.6 Upper limit estimation

Upper limits for radio halos are usually determined by injecting a simulated radio halo into the
uv-data and re-imaging at various levels to determine at what flux the halo can just not reliably
be recovered. This process is explained in detail by |Brunetti et al.| (2007), Venturi et al.| (2008)),
Kale et al. (2013)) and [Knowles|(2015)).

In the literature, the simulated halos are assumed to be 1 Mpc in diameter |Brunetti et al.
(2007), the typical size for a giant radio halo. Given our chosen cosmology and the cluster red-
shifts, this is equivalent to an angular size of 6.73', 2.8" and 7.68 for J1040, J1115 and J1516
respectively. The injected halos are therefore all smaller than the largest angular size to which

our observations are sensitive, i.e., 15’, 28" and 25’ for J1040, J1115 and J1516 respectively.

For each cluster we first injected a simulated halo of flux 30 Jy and lowered this flux until
we could not recover the injected halo emission. The flux upper limit was taken to be that flux at
which we could just not reliably detect the halo. These flux upper limits are given in Table[5.3] To
determine where our cluster upper limits lie on the well known P 4qu, — Lx and P 4gr, — Ms00

relations we convert our flux to a k-corrected radio power using the following equation:

P1.4GHZ o DL ? Sl.4GHZ -1
(WHzl) = ( m ) w2 ) (A 1)

where Dy is the luminosity distance at the redshift, z, of the cluster, and S 4qp, is the flux
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Table 5.3: In this table, we present the the upper flux limits determined from the simulation of a
1 Mpc halo in column 2 (see Section [5.4.6|for more details). This is converted to a radio power
given in column 4 by using Equation [5.1]and the luminosity distance given in column 3. Column
5 gives the bolometric X-ray luminosity as calculated by XCS.

Cluster Name Sl.4GHz DL P1.4GHZ LX
[10-2m~2WHz '] | [10% m] | [10**WHz '] | [10* erg s]
J1040 12.0 1.94 5.00 8.89 +0.03
J1115 10.0 7.33 46.13 18.13 £ 0.52
J1516 15.0 1.67 88.24 4.51 £0.01

upper limit. These values are shown in Table [5.3] In addition, as the majority of the litera-
ture clusters were observed with Chandra, the observed P; 4cn, — Lx correlation is based on
luminosities in the 0.1 — 2.4 keV band. We therefore convert our cluster bolometric X-ray lumi-
nosities to luminosities in this band by using a scaling factor as determined by Bohringer et al.
(2004). Both luminosities for our clusters are given in Table 5.1} We also note that the observed
Py 4cn, — Moo relation uses SZ masses from either Planck or ACT. Unfortunately not all of our
clusters have an available SZ mass value, and we therefore use our dynamical masses calculated
in Chapter @] [Sifén et al| (2015) compare dynamical masses, also determined via the Munari
relation, with SZ masses from ACT. They leave determining a scaling relation between the two
types of masses for future work. However, based on Figure 6 in Sifon et al. (2015), we note that
for the range of masses of our three clusters, they find that the dynamical masses are slightly
higher than the SZ values, but are consistent with each other within 20. Therefore, we do not
expect significant horizontal movement of our upper limits on the P, 4qn, — M500 plane when

using future SZ masses.

In Figure [5.13] we show the position of each cluster upper limit in the P 4cn, — Lx (left
panel) and P 4cr, — Mso0 (right panel) planes. The upper limits for all three clusters are much
higher than the known radio halo upper limits from the literature. Given our poor data quality,

this is not unexpected.
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Table 5.4: In this table, we present the the upper flux limits determined from the simulation of a
400 kpc halo in column 2 (see Section[5.4.6] for more details). This is converted to a radio power
given in column 4 by using Equation [5.1]and the luminosity distance given in column 3. Column
5 gives the bolometric X-ray luminosity as calculated by XCS.

Cluster Name Sl.4GHz DL P1.4GHZ LX
[10-2m~2WHz '] | [10% m] | [10**WHz '] | [10* erg s]
J1040 4.0 1.94 1.67 8.89 +0.03
J1115 0.9 7.33 4.15 18.13 £ 0.52
J1516 10.0 1.67 58.82 4.51 £0.01

Although, previous studies use a generic 1 Mpc halo size for simulations, radio halo sizes
can vary significantly from this value. Cassano et al. (2007) found an observational connection
between the size of the radio halo (Ry) and the cluster virial radius (Ry) of Ry R%/163i0'50
(Figure 11). This equates to a decrease in halo size with a decrease in cluster mass. Based on
this relation and our cluster properties we expect to find Ry < 300 kpc in our clusters, signifi-
cantly smaller than the standard simulated size of 1 Mpc. For the same halo flux, and therefore
radio halo power, it would be easier to detect the halo with the smaller expected size due to its
higher surface brightness. Given that the synthesised beam for each dataset is ~ 1/, we simulate
a slightly larger halo, i.e., 400 kpc, so that the simulated halo is not smaller than the beam. These
upper limits are given in Table [5.4 and shown by the open red, green and blue triangles in Figure
[5.13] Using this reduced simulated halo size, our radio power upper limits are decreased by a
factor of 2~10. Our upper limits do not rule out the presence of a radio halo as they are all above
or in the region of the correlation. More sensitive data, with slightly better resolution to enable
the removal of point sources, to probe the flux levels at which we might expect a detection. No

upper limit study has as yet been done using variable halo sizes, but our results may be an indi-

cation that the accepted method for calculating radio halo upper limits may need to be revised.

With respect to the P 4qn, — Lx relation, after correcting for the band luminosity, we note
that the 400 kpc halo upper limits for J1040 and J1115 are consistent with the scaling relation as
they lie within the scatter. The J1516 upper limit is well above the correlation given the cluster’s

low luminosity, even after adjusting for the smaller simulated halo. The wwv-coverage (Figure
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Figure 5.13: In this plot we show the position of our simulated upper limits on the well-known
Py 4cn, — Lx (left panel) and P 4qn, — Msgo (right panel) relations (Cassano et al.,|2013)). Radio
halos from the literature are shown as filled black circles. The literature upper limits are shown
as empty black triangles. All literature values are taken from Cassano et al.|(2013). The literature
values use SZ M;5y, masses and X-ray luminosities measured in the 0.1 - 2.4 keV band. The 1
Mpc (400 kpc) simulated halo upper limits for J1040, J1115, and J1516 are shown by red, blue,
and green filled (open) triangles, respectively. We use dynamical masses calculated in chapter 4]
as not all of our clusters have SZ masses. Our bolometric XCS luminosities have been converted
into 0.1 - 2.4 keV band luminosities for accurate comparison with the literature values. Error bars
are plotted for both our Lx and Mj5q, values. The best fit to the GRH detections and associated
95% confidence interval is from |Cassano et al. (2013) and are shown by the black line and grey
shaded region, respectively.

[5.T1)) for this source is more elongated in one direction when compared to the other two sources.
This causes a stretching of the beam resulting in the major axis being much larger than the minor
axis. This asymmetrical pattern was due to the low elevation (14° - 17°) of the source in the sky,
which resulted in the apparent array size being shortened in one direction but not the other. This
low elevation and the short base lines would have resulted in shadowing, which resulted in extra
flagging as discussed in Section [5.4.4] J1516 does indeed have the highest noise level of our 3

cluster images and this contributes to the high radio power upper limit.



5.5. CONCLUSION 142

The P; 4qn, — M5 relation is less constrained than the P 4qn,— L x relation and our clusters,
allowing for their large mass uncertainties, are consistent with the scatter of the Py 4qu, — Ms500
relation. To improve the interpretation of our upper limits, we would require better constrained

dynamical masses or SZ mass measurements for our clusters.

5.5 Conclusion

In this chapter, we focused on observing galaxy clusters in the radio wavelength and specifi-
cally on the diffuse radio emission that is found within clusters. Since mergers are thought to
be the driving force behind this diffuse emission, we discuss the effect of mergers on scaling
relations. We also extract a sample of clusters from literature with known diffuse emission and
non-detections, that have velocity dispersions and temperatures. We plot these clusters on the
0, — T'x plane and show that there is no difference in the two populations. We also present 3
new observations with the VLA D array of clusters from our XCS sample. Due to insufficient
observing time and large amounts of corrupted data, the rms noise obtained for these images
was high. We determined upper limit estimations but due to the insufficient sensitivity of our
maps we were unable to reach the expected halo flux from the scaling relations and therefore can
not rule out the presence of radio halos with theoretically predicted powers. However, given the
the observed positive correlation between Ry and R, and the mass of our clusters we simulated
400 kpc as well as 1 Mpc halos. Based on these 3 ¢ upper limits we can make the following
conclusions for the 400 kpc halos: in J1115 we rule out the presence of a radio halo with power
P g, = 4.15 x 10** W Hz™ !, in J1040 we rule out the presence of a radio halo with power
Py g, = 1.67x10%* W Hz™!, and in J1516 we rule out the presence of a radio halo with power
Py aqr. = 5.88 x 10% W Hz~!. We plotted these limits on the P; 4qn, — Lx and Py sam, — Msoo
plane and found that they fit the correlation within the scatter and that more sensitive observa-

tions could reveal a lower power radio halo detection.



Table 5.5: List of clusters with Mpc diffuse radio emission taken from [Cuciti et al.| (2015) with velocity

dispersions and temperatures taken from literature.

Name RA Dec z o Reference T Survey Reference
(J2000) (J2000) (km s™1) (keV)

AO115 [ 005559.5 | +261914.0 | 0.197 | 1219 7% Haines et al.[(2015) 5.3 70T | Chandra | Maughan et al.[(2012) |
A0209 | 013153.0 | -133634.0 | 0.206 | 1394 53 Mercurio et al.|(2003) 10.2 ' | Chandra | Mercurio et al.|(2003)
A0520 | 0454 19.0 | +025649.0 | 0.203 | 1066 757 Girardi et al.|[(2008) 8.3 04 | ASCA Allen|(2000)
A0521 | 0454 09.1 | -101419.0 | 0.248 | 1002 752 Sifén et al.[(2015) 597032 | ASCA Allen|(2000)
A0665 | 083045.2 | +655255.0 | 0.182 | 1227 ™39 Haines et al.|(2015) 77153 | XMM | [Peterson et al./(2003)
A0697 | 0842533 | +362012.0 | 0.282 | 1268 27 Haines et al.|(2015) 8.6 0% | ASCA White|(2000)
A0773 | 0917 59.4 | +514223.0 | 0.217 | 1394 53 Barrena et al.|(2007) 8704 | ASCA | Saunders et al.[(2003)
A1300 | 1131563 | -195537.0 | 0.308 | 1034 ™3, | Girardi and Mezzetti|(2001) | 11.4 705 | ASCA Pierre et al.[(1999)
A1689 | 131129.5 | -012017.0 | 0.183 | 1541 *38 Haines et al.|[(2015) 8.6 102 | ASCA Tkebe et al.|(2002)
A1758a | 133232.1 | +503037.0 | 0.280 | 744 *157 Sifén et al.|[(2015) 6.6 713 | ASCA Rizza et al.|(1998)
A1914 | 142603.0 | +374932.0 | 0.171 | 1055 741 Haines et al.|(2015) 8.4 01 | ASCA Tkebe et al.|(2002)
A2142 | 1558 16.1 | +271329.0 | 0.089 | 1086 3! Sifén et al.[(2015) 8.5703 | ASCA Tkebe et al.|(2002)
A2163 | 161546.9 | -06 08 45.0 | 0.203 | 1381 "321 Martini et al.[(2007) 10.6 703 | ASCA Tkebe et al.|(2002)
A2218 | 163551.6 | +66 1239.0 | 0.171 | 1245 ™53 Haines et al.|(2015) 6.9 T3 | Chandra | Machacek et al.[(2002)
A2219 | 164021.1 | +464116.0 | 0.228 | 1189 *& Sifén et al.[(2015) 12.4 102 | ASCA Allen|(2000)
A2744 | 0014 18.8 | -302300.0 | 0.307 | 1497 *2I Owers et al.|(2011) 8.0 708 | Chandra | [Merten et al.[(2011)




Table 5.6: List of clusters with no Mpc diffuse radio emission taken from Cuciti et al. (2015) with ve-
locity dispersions and temperatures taken from literature. The clusters whose temperatures are listed as
coming from ROSAT have been calculated from the Lx — T'x relation. The clusters with an * next to the
name are those clusters where merging is evident in X-ray observations. ' The full name for RXJ1720 is
RXJ1720.14+2368.1

Name RA Dec z o Reference T Survey Reference
(J2000) (J2000) (km s~1) (keV)

A0478 | 04 1320.7 | 41028 35.0 | 0.088 | 1088 Coziol et al.[(2009) | 7.3 3 | Chandra Cavagnolo et al.|(2008)

Al1132 1058 19.6 | +564656.0 | 0.134 | 749 &) Rines et al.|(2013) 7.1 ROSAT Ebeling et al.|(1998)

Al413 1155189 | +232431.0 | 0.143 | 8818} Sifén et al.|(2015) | 6.6 01 | XMM | Planck Collaboration et al.|(2011)

A1423*% | 1157225 | 4333918.0 | 0.214 | 5903 | Lemze etal./(2013) | 5.4 9% | ASCA Horner|(2001)

A1437 120022.3 | +032033.9 | 0.134 | 1233 {92 | Rines et al.|(2013) 7.4 ROSAT Ebeling et al.|(1996)

A1576* | 123759.0 | +63 11 26.0 | 0.302 983 Coziol et al.[(2009) | 8.7 57 | ASCA Novicki et al.|(2002)

A1763 133517.2 | +405958.0 | 0.228 | 11308} Sifon et al.[(2015) | 7.33% | ASCA White|(2000)

A1835 1401 02.3 | +025248.0 | 0.253 | 762 158 Sifén et al.|(2015) | 9.8 5:¢ | Chandra Cavagnolo et al.|(2008)

A2104 154008.2 | -031823.0 | 0.153 | 1081 {25 | |Sifén etal.[(2015) | 9.152 | ASCA White (2000)

A2204 1632457 | +053443.0 | 0.151 | 78227 Sifén et al.|(2015) | 7.8 92 | XMM | Planck Collaboration et al.|(2011)

A2261* | 172217.1 | #3208 02.0 | 0.224 | 882 %S Sifén et al.|(2015) | 8.8 94 | ASCA Allen|(2000)

A2390 | 215334.6 | +174011.0 | 0.234 | 1120113 | [Sifénetal./(2015) | 8.953 | XMM | Planck Collaboration et al.|(2011)

A2537*% | 2308232 | -021131.0 | 0.297 | 909 & Sifén et al.|(2015) | 6.1 02 | ASCA Horner|(2001)

A2631 | 233740.6 | +001636.0 | 0.278 | 85125 | [Rinesetal.[(2013) | 7.552 | XMM Reichert et al.|(2011)

A2667*% | 235140.7 | -260501.0 | 0.226 | 960 199 | [Covone et al.|(2006) | 6.3 93 | ASCA Horner|(2001)
RXJ1720" | 1720 10.1 | +263729.5 | 0.164 | 1019 Miller et al.[(2005) | 5.891 | XMM | Planck Collaboration et al.|(2011)




CHAPTER 6

CONCLUSION

Galaxy clusters offer a unique opportunity to study astrophysical processes as well as gain in-
formation about the Universe. They allow us to test the underlying cosmological model and
learn more about the Big Bang Theory and the evolution of the Universe. The galaxies within
the cluster let us explore the formation of structure and the processes, such as AGN feedback,
which effect the intracluster medium. Galaxy clusters can be detected via a variety of methods
including optical, X-ray, radio, and SZ. Each wavelength study providing us with different prop-
erties and allow us to form a complete picture of the workings of the Universe. There are simple
power laws which exist between these properties which can be estimated via models, such as the
self-similar model, based on our current knowledge of structure formation. By comparing the
theoretical relations to observational data, we can re-analyse the models and improve them and

thereby allow us to constrain parameters describing our Universe.

In Chapter 2, we introduced a homogeneous cluster sample drawn from the XCS to be used
in the study of scaling relations. We present new Gemini data obtained for 12 z > 0.5 XCS clus-
ters, and discuss a method for membership determination. We obtain new redshift measurements
for these clusters, and include a further 16 clusters with spectroscopic redshift literature data to

obtain a final sample of 38 clusters.
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In Chapter 3, we studied the velocity dispersion—temperature (o, — 1'x) relation for our sam-
ple of clusters. Using an orthogonal regression method we found the slope of the relation to be
consistent with the findings of previous studies, i.e., slightly steeper than expected from self-
similarity. Under the assumption that the slope of the relation does not evolve with redshift, we
measured the evolution of the normalisation of the relation and found it to be slightly negative
but not significantly different from the self-similar solution (o, oc 70-86+0-14 F(2)=0-3720.33) "yye
applied the same scaling relation analysis methods to the BAHAMAS and Millennium Gas cos-
mological hydrodynamical simulations and found no evolution in BAHAMAS but positive evo-
lution with the Millennium Gas simulation. The difference is most likely due to the inclusion of
self-consistent modelling of radiative cooling in BAHAMAS, which is absent in the Millennium
Gas simulation. While this work has improved upon previous studies in terms of the number of
high redshift clusters included, we note that the uncertainties on the scaling relation parameters
are still rather large, and a combination of better measurements of individual cluster properties

and a larger sample are required to make further progress.

In Chapter 4, we studied the mass-temperature (M — T'x) by measuring dynamical masses
based on our velocity dispersions. We using the orthogonal regression method using for o, — T'x
relation, as well as a Gaussian mixture model, to fit for the slope. The Gaussian mixture model
method was not included in the o, — T'x relation fitting as it has not been adapted to include evo-
lution. The regression method returns a steeper than expected slope (B = 1.5 for the self-similar
model) for the orthogonal method and a shallower slope for the Gaussian mixture model method.
To test which method performs better we simulated data and ran the fitting code for both models.
The Gaussian mixture model method was able to retrieve the slope of the simulated data but the
orthogonal method, once again obtained a steeper than expected result. Since previous results
obtained their fits using hydrostatic masses, we offer a comparison between the two masses and

identify that the dynamical mass estimate may be over-estimating the mass of the cluster.
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In the final chapter, we studied galaxy clusters in the radio wavelength, focusing on diffuse
radio emission. We highlight the relationship between diffuse emission and mergers and iden-
tify the effect of mergers on scaling relations. We obtain a known sample of galaxy clusters,
from literature, which are known to host diffuse emission or have a non detection. We identify
their position on the o, — T’y relation and find no notable difference between the two popu-
lations, although the sample size is small. We also present 3 new observations with the VLA
of clusters from our XCS sample as part of a pilot study to search for radio halos in low mass
clusters. We obtained images for these clusters but they had a high rms noise due to corrupt
data and insufficient observing time making the possibility of obtaining a detection extremely
low. Hence, we simulated upper limit estimations. We plotted these limits on the P 4qu, — Lx
and Py scu, — M50 plane and found that they fit the correlation within the scatter. We discuss
the correlation between the radio halo size and the cluster mass as a further possibility of the
discrepancies we observe. We simulate a smaller radio halo of 400 kpc also plot these limits on
the P 4qn, — Lx and P 4qu, — M500 plane. Using this reduced simulated halo size, our radio
power upper limits are decreased by a factor of 2~10. Although, our upper limits still do not
rule out the presence of a radio halo at this smaller size, it does bring into question the accepted

method for calculating radio halo upper limits.

6.1 Future Work

Radio, optical and X-ray observations provide complementary data which allows us to gain a
better understanding of galaxy clusters. However, some key information is still missing, partic-
ularly in relation to the calculations of the masses of clusters, which is extremely important for
constraining cosmological parameters. Therefore, an extension to this work includes collecting
SZ, hydrostatic and dynamical masses for a large sample of galaxy clusters and providing a full
statistical comparison. Other mass estimates such as those from weak lensing must also be con-

sidered.
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Since one of the main focuses of this thesis was scaling relations, we also need to look at
ways to better constrain the fitting parameters. One way of doing this is to include evolution in
the Gaussian mixture model fitting method, so that it can be applied to the o, — T’y relation, since
it offers an improvement over the orthogonal fitting method. This method also has the capability
to include the effect of selection functions. This can be added once a selection function for XCS

exists.

We were unable to draw a concrete conclusion on whether the presence of a radio halo in a
cluster lies in a different part of the o, — T’y when compared to clusters without a radio halo, due
to our small sample size. Therefore, future work may include performing a more concise litera-
ture review of all known data on clusters with and without radio halos. If sufficient redshifts are
available, we can use our methodology to calculate velocity dispersions. A large homogeneous
selected cluster sample could aid in this investigation as well as providing us with a tool to learn
more about diffuse emission in galaxy clusters. There are still many unanswered questions in
this field, such as the effect of the Ry-R, relation on the calculation of upper limits, that will

require follow-up observations and further studies.



APPENDIX A

REDSHIFT CATALOGUE

redshift and velocity dispersion measurements.

In this appendix we provide the redshifts of the member galaxies for each cluster used for the

Galaxy Name RA (J2000) | Dec (J2000) z Reference
GALEXASC 00"00™46.26° | -25°10'59.9” | 0.0821 | |Colless et al.| (2003b)
J000046.26-251058.3
GALEXASC 00"00™57.23% | -25°06/25.9” | 0.0821 | |Colless et al.| (2003b)
J000057.30-250623.9
2dFGRS S134Z161 23159™m32.60° | -25°13/02.2" | 0.0823 | |Colless et al.[(2003b)
GALEXASC 23h59™m57.51% | -25°01'20.5" | 0.0823 | |Colless et al.[(2003b)
J235957.50-250120.7
2dFGRS S1347139 00"00™25.25°% | -25°20048.2" | 0.0834 | [Colless et al.| (2003b)
2MASX 00"00™24.10° | -25°10'38.0” | 0.0837 | |Colless et al.| (2003b))
J00002408-2510371
2MASX 00"00™42.12° | -25°12/08.1” | 0.0837 | Jones et al.[(2009)
J00004212-2512080
2MASX 00"00™24.45°% | -25°16’18.3"” | 0.0839 | [Colless et al.| (2003b)
J00002446-2516181
AM 2357-252 NEDO1 | 00"00™13.28° | -25°11/08.1” | 0.0841 | |Coziol et al.| (2009)
2dFGRS S1347105 00"01™02.68° | -25°08'59.4" | 0.0844 | |Colless et al.| (2003b)
2MASX 00"00™06.85°% | -25°15’02.0” | 0.0847 | [Colless et al.| (2003b)

J00000684-2515021

Continued on next page
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Table A.1 — continued from previous page

Galaxy Name RA (J2000) | Dec (J2000) z Reference
2MASX 00"00™18.43% | -25°1004.9” | 0.0847 | |Colless et al.| (2003b))
J00001841-2510051
AM 2357-252 00"00™13.70° | -25°11’10.0” | 0.0847 | [Colless et al.| (2003b)
2MASX 00"00™00.94° | -25°21’31.8"” | 0.0848 | [Colless et al.| (2003b)
J00000093-2521313
AM 2357-252 00"00™14.06° | -25°11'12.6" | 0.0851 Jones et al.| (2009)
2dFGRS S1347131 00"00™28.86° | -25°07’11.2” | 0.0854 | |Colless et al.| (2003b))
2MASX 00"00™33.59° | -25°09’12.1” | 0.0857 | [Colless et al.| (2003b)
J00003358-2509120
2MASX 00"00™08.16° | -25°12’18.1” | 0.0864 | [Colless et al.| (2003b)
J00000817-2512181
2MASX 00"00™46.18°% | -25°15'09.3” | 0.0869 | |Colless et al.| (2003b))
J00004617-2515090

Table A.1: XMMXCSJ000013.9-251052.1: Column 1 gives the name of the galaxy, column 2
and 3 give the right ascension and declination respectively, and column 4 gives the redshift of
the galaxy. Column 5 gives the reference from which the redshift was taken.

Galaxy Name RA (J2000) | Dec (J2000) y/ Reference
GALEXMSC 00"34m06.97° | -43°22/30.2” | 0.3877 | [Feruglio et al. (2008)
J003407.05-432228.7
SWIRE3 00"34™m07.29° | -43°21'52.9" | 0.3880 | |Sacchi et al. (2009)
J003407.30-432152.8
SWIRE3 00"34m00.77° | -43°21'22.5" | 0.3890 | [Sacchi et al.[(2009)
J003400.83-432122.5
SWIRE3 00"34m08.87° | -43°22/44.7" | 0.3890 | [Sacchi et al.[(2009)
J003408.87-432244.6
SWIRE3 00"34™05.06° | -43°17'42.3" | 0.3910 | |Sacchi et al. (2009)
J003405.07-431742.3
IRAC 236852 00"34m27.40° | -43°18'59.6” | 0.3925 | Feruglio et al. (2008)
SWIRE3 00"34m25.15°% | -43°19'12.2" | 0.3930 | |Sacchi et al.[(2009)
J003425.16-431912.1
SWIRE3 00"347m22.49% | -43°15'51.0" | 0.3940 | |Sacchi et al. (2009)
J003422.50-431550.8
SWIRE3 00"34m28.36° | -43°17'04.4" | 0.3940 | [Sacchi et al.[(2009)
J003428.37-431704.2
SWIRE3 0034744375 | -43°18'06.4" | 0.3940 | |Sacchi et al. (2009)
J003444.36-431806.2
Continued on next page
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Table A.2 — continued from previous page

Galaxy Name RA (J2000) | Dec (J2000) y/ Reference
SWIRE3 00"34™13.20° | -43°17'27.5"” | 0.3960 | |Sacchi et al. (2009)
J003413.21-431727.4
SWIRE3 00"34™17.67° | -43°1909.9” | 0.3960 | Sacchi et al. (2009)
J003417.67-431909.8
SWIRE3 00"34™24.78% | -43°21’18.2" | 0.3960 | Sacchi et al. (2009)
J003424.77-432117.8
SWIRE3 00"34™30.65° | -43°19’56.8" | 0.3960 | |Sacchi et al. (2009)
J003430.66-431956.6
SWIRE3 00"34™19.35% | -43°21’57.6" | 0.3970 | |Sacchi et al. (2009)
J003419.36-432157.4
SWIRE3 00"34™m26.74° | -43°18'54.6"” | 0.3970 | Sacchi et al. (2009)
J003426.75-431854.7
SWIRE3 00"34™07.33% | -43°21’41.7" | 0.3980 | Sacchi et al. (2009)
J003407.33-432141.6
SWIRE3 00"34™17.77° | -43°19/28.5" | 0.3980 | Sacchi et al. (2009)
J003417.78-431928.4
ESIS 00"34™12.63% | -43°17'05.5” | 0.3990 | Sacchi et al. (2009)
J003412.63-431705.5
SWIRE3 00"34™25.86° | -43°20/58.0” | 0.3990 | Sacchi et al. (2009)
J003425.85-432057.8
SWIRE3 00"34™m24.02° | -43°19’15.0” | 0.4010 | |Sacchi et al. (2009)
J003424.03-431914.9
SWIRE3 00"34™42.94% | -43°17'27.2" | 0.4020 | |Sacchi et al. (2009)

J003442.95-431727.6

Table A.2: XMMXCSJ003430.1-431905.6: All columns are as explained in Table

Galaxy Name RA (J2000) | Dec (J2000) z Reference
Name RAJ2000) Dec(J2000) zZ Reference
C10053-37:[CHM98] | 00"55™55.56° | -37°32/19.7” | 0.1613 | |Guzzo et al.[(2009)
12
C10053-37:[CHM98] | 00"55™57.74% | -37°32/22.6” | 0.1613 | |Guzzo et al.[(2009)
14
C1 0053-37:[CHM98] | 00"55™58.90° | -37°33’00.7" | 0.1617 | Cappi et al./(1998)
08
(GSB2009) 00"55™52.68° | -37°31’43.0"” | 0.1626 | |Guzzo et al.| (2009)

J005552.68-373143.0

Continued on next page
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Table A.3 — continued from previous page

Galaxy Name RA (J2000) | Dec (J2000) z Reference
2MASX 00"55™59.11° | -37°32'18.2" | 0.1631 | |Cappi et al. (1998)
J00555916-3732186
APMUKS(BJ) 00"56™01.56° | -37°33/32.0"” | 0.1633 | |Guzzo et al.| (2009)
B005339.96-374945.2
C1 0053-37:[CHM98] | 00"55™59.32° | -37°32/35.2" | 0.1636 | (Cappi et al. (1998)
15
APMUKS(BJ) 00"56™02.42° | -37°32'04.6" | 0.1638 | Cappi et al.|(1998)
B005340.88-374818.8
C1 0053-37:[CHM98] | 00"55™56.26° | -37°31’48.0" | 0.1649 | Cappi et al./(1998)
20
2XMM 00"55m56.74° | -37°32'35.4" | 0.1653 | Cappi et al./(1998)
J005557.1-373237
C1 0053-37:[CHM98] | 00"56™02.76° | -37°33'03.9” | 0.1654 | Cappi et al.|(1998)
09
2MASX 00"56™06.41° | -37°33'17.6"” | 0.1661 | |Guzzo et al. (2009)
J00560639-3733176
C1 0053-37:[CHM98] | 00"56™09.54° | -37°31’49.0” | 0.1663 | Cappi et al. (1998)
21
(GSB2009) 00"55m59.52% | -37°33'43.2" | 0.1665 | |Guzzo et al. (2009)
J005559.52-373343.2
APMUKS(BJ) 00"56™01.34° | -37°32/40.9” | 0.1673 | |Cappi et al. (1998)
B005339.81-374854.8
APMUKS(BJ) 00"56™04.82° | -37°33’00.0” | 0.1682 | |Guzzo et al.| (2009)
B005343.30-374914.5
(GSB2009) 00"55™52.42% | -37°31’31.8"” | 0.1686 | |Guzzo et al.| (2009)
J005552.42-373131.8
C1 0053-37:[CHM98] | 00"56™09.71° | -37°33’39.9” | 0.1691 | Cappi et al. (1998)
04
2MASX 00"56™09.28° | -37°33’59.3" | 0.1694 | Cappi et al./(1998)
J00560925-3733595
APMUKS(BJ) 00"56™10.23° | -37°34'07.9” | 0.1720 | Cappi et al./(1998)
B005348.77-375021.3
C1 0053-37:[CHM98] | 00"56™04.75°% | -37°32'51.0” | 0.1721 | Cappi et al.|(1998)
11
C1 0053-37:[CHM98] | 00"56™07.07°% | -37°33’49.4" | 0.1722 | Cappi et al.|(1998)
03

Table A.3: XMMXCSJ005603.0-373248.0: All columns are as explained in Table
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Galaxy Name RA (J2000) | Dec (J2000) z Reference
2MASX 01"53™09.69° | +01°02/00.3” | 0.0579 | [Berlind et al. (2006))
J01530967+0102002
2MASX 01"53m14.16° | +01°03'44.4” | 0.0579 | |Abazajian et al.[(2003)
J01531414+0103443
2MASX 01"53m10.13°% | +01°01’30.5” | 0.0586 | |Abazajian et al.[(2003)
JO1531014+0101302
2MASX 01"53m05.29% | +00°59'09.2” | 0.0588 | Stoughton et al.| (2002)
J01530528+0059092
2MASX 01"53m10.37% | +01°05'56.7” | 0.0590 | |Abazajian et al.[(2003)
J01531034+0105562
2MASX 01"53m08.29° | +01°01’50.7” | 0.0594 | Berlind et al. (2006)
J01530827+0101502
SDSS 01"52m51.28% | +01°07'05.4” | 0.0595 | Stoughton et al.| (2002)
JO15251.27+010705.4
SDSS 01"53m16.75° | +01°01’39.5” | 0.0596 | Berlind et al. (2006)
J015316.74+010139.4
2MASX 01"53m03.49% | +01°01'23.0” | 0.0596 | |Abazajian et al.[(2003)
J01530347+0101232
2MASX 01"53m15.24% | +01°02/20.7” | 0.0598 | |Abazajian et al.[(2003)
JO1531521+0102203
SDSS 01"52m49.61% | +01°00'22.6” | 0.0600 Goto et al. (2003)
J015249.63+010023.3
2MASX 01"53m21.27% | +00°55’14.6” | 0.0607 | Stoughton et al.(2002)
J01532128+0055143

Table A.4: XMMXCSJ015315.0+010214.2: All columns are as explained in Table

Galaxy Name RA (J2000) | Dec (J2000) z Reference

(MLF2006) 07"20™49.93% | +71°08'56.6” | 0.2270 | Mulchaey et al.|(2006)

J072049.93+710856.6
1IRXS 07"20™47.35% | +71°07'15.4” | 0.2274 | Jeltema et al.| (2007)
J072049.0+710724

(MLF2006) 0721™03.45°% | +71°09'06.0” | 0.2274 | Mulchaey et al.| (2006)
J072103.45+710906.0

(MLF2006) 07"20™44.89°% | +71°08'45.5” | 0.2275 | Mulchaey et al.|(2006)
J072044.89+710845.5

(MLF2006) 07"20m39.75°% | +71°09’50.8” | 0.2277 | Mulchaey et al.| (2006)
J072039.75+710950.8

Continued on next page
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Table A.5 - continued from previous page

Galaxy Name RA (J2000) | Dec (J2000) zZ Reference
(MLF20006) 07"20™46.96° | +71°09'22.8" | 0.2285 | Jeltema et al. (2007)
J072046.96+710922.8
(MLF2006) 07"20™59.93°% | +71°09’32.2” | 0.2288 | Mulchaey et al.[(2006)
J072059.93+710932.2
(JML2007) 07"20™44.89° | +71°09'30.9” | 0.2294 | Jeltema et al.| (2007)
J072044.89+710930.9
(JML2007) 07"20™48.69° | +71°11'23.2” | 0.2299 | Jeltema et al. (2007)
J072048.69+711123.2
GALEXASC 07"20™40.46° | +71°11'27.9” | 0.2300 | Jeltema et al.| (2007)
J072040.85+711127.4
(MLF20006) 07"20™53.73% | +71°08/59.6” | 0.2300 | Jeltema et al. (2007)
J072053.73+710859.6
(MLF2006) 07"21™14.17% | +71°10’28.0” | 0.2304 | Mulchaey et al.| (2006)
JO72114.17+711028.0
(MLF2006) 07"20™54.47° | +71°08'57.4" | 0.2305 | Mulchaey et al.[(2006)
J072054.47+710857.4
(JML2007) 07"20™45.08° | +71°11'18.1” | 0.2306 | Jeltema et al. (2007)
J072045.08+711118.1
(JML2007) 07"20™46.39° | +71°10'05.0” | 0.2307 | Jeltema et al.| (2007)
J072046.39+711005.0
(MLF2006) 07"21™03.43° | +71°09'17.7" | 0.2308 | Mulchaey et al.| (2006)
J072103.43+710917.7
GALEXMSC 07"21™m13.26° | +71°09'49.8” | 0.2314 | Mulchaey et al.[(2006)
JO72113.65+710952.5
(MLF2006) 07"21™09.63° | +71°09'03.3” | 0.2315 | Mulchaey et al.|(2006)
J072109.63+710903.3
(MLF20006) 07"21™09.09° | +71°09'22.1” | 0.2320 | Mulchaey et al.|(2006)
J072109.09+710922.1
(JML2007) 07"20™39.35% | +71°07/30.9” | 0.2323 | Jeltema et al.| (2007)
J072039.35+710730.9
GALEXASC 07"21™11.40° | +71°08'57.2" | 0.2325 | Mulchaey et al.[(2006)
JO72111.89+710857.1
(MLF20006) 07"20™48.06° | +71°10'37.5” | 0.2326 | Jeltema et al. (2007)
J072048.06+711037.5
(MLF2006) 07"20™58.02°% | +71°09'16.2” | 0.2328 | Jeltema et al.| (2007)
J072058.02+710916.2
(MLF20006) 07"20™50.33% | +71°09'25.7" | 0.2329 | Jeltema et al. (2007)
J072050.33+710925.7
(JML2007) 07"20™56.17° | +71°11'05.1” | 0.2331 | Jeltema et al.| (2007)

J072056.17+711105.1

Continued on next page
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Table A.5 - continued from previous page

Galaxy Name RA (J2000) | Dec (J2000) zZ Reference
(JML2007) 07"20™55.02°% | +71°08'15.0” | 0.2335 | Jeltema et al. (2007)
J072055.02+710815.0
(MLF2006) 07"20™46.75% | +71°09'04.4” | 0.2337 | Jeltema et al.| (2007)
J072046.75+710904 .4
GALEXMSC 07"20™m16.53°% | +71°09'42.6” | 0.2340 | Mulchaey et al.| (2006)
J072016.54+710943.2
(MLF2006) 07"20™m44.19° | +71°08'54.1” | 0.2347 | Mulchaey et al.|(2006)

J072044.19+710854.1

Table A.5: XMMXCSJ072054.3+710900.5: All columns are as explained in Table

Galaxy Name RA (J2000) | Dec (J2000) z Reference

(VMF98) 08119™42.12% | +70°54/32.1” | 0.2272 | |Balogh et al.| (2002)
049:[BBS2002] 021

(VMF98) 08"19™11.99°% | +70°55'43.8" | 0.2274 | Balogh et al.| (2002)
049:[1BBS2002] 040

(VMF98) 08"19™01.38° | +70°54'51.6” | 0.2277 | Balogh et al.| (2002)
049:[BBS2002] 027

(VMF98) 08"18™48.72% | +70°52/55.8" | 0.2278 | Balogh et al.| (2002)
049:[BBS2002] 002

(VMF98) 08"19™22.86° | +70°54'44.9” | 0.2280 | [Balogh et al. (2002)
049:[BBS2002] 026

(VMF98) 08"19™17.75° | +70°55'01.0” | 0.2289 | Balogh et al.| (2002)
049:(BBS2002] 033

(VMF98) 08"19™46.92% | +70°53/53.9” | 0.2294 | Balogh et al.| (2002)
049:[1BBS2002] 013

(VMF98) 08"118™56.12% | +70°54'39.4” | 0.2296 | Balogh et al.| (2002)
049:(BBS2002] 025

(VMF98) 08"18™54.03° | +70°54'52.6” | 0.2297 | Balogh et al.| (2002)
049:[BBS2002] 029

(VMF98) 08"19™07.76° | +70°53'37.7" | 0.2304 | Balogh et al.| (2002)
049:[1BBS2002] 011

2MASX 08"19™18.31° | +70°55'04.2” | 0.2304 | Balogh et al.| (2002)
JO8191836+7055042

(VMF98) 08"19™23.75% | +70°55'24.3" | 0.2304 | Balogh et al.| (2002)
049:[1BBS2002] 036

(VMF98) 08119™m35.25% | +70°54'02.4” | 0.2305 | Balogh et al.| (2002)

049:[BBS2002] 015

Continued on next page
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Table A.6 — continued from previous page

Galaxy Name RA (J2000) | Dec (J2000) z Reference

(VMF98) 08"19™23.60° | +70°56'30.8” | 0.2306 | Balogh et al.| (2002)
049:[BBS2002] 047

(VMF98) 08"19™37.97% | +70°53'49.5" | 0.2309 | Balogh et al.| (2002)
049:[BBS2002] 012

(VMF98) 08"19™05.95° | +70°55'34.5” | 0.2310 | Balogh et al.| (2002)
049:[1BBS2002] 037

(VMF98) 08119™12.64° | +70°56'05.8” | 0.2313 | Balogh et al.| (2002)
049:[BBS2002] 043

(VMF98) 08"19™06.49° | +70°53'04.1” | 0.2319 | Balogh et al.| (2002)
049:[BBS2002] 006

(VMF98) 08"19™04.37° | +70°53'55.0” | 0.2320 | Balogh et al.| (2002)

049:[BBS2002] 016

Table A.6: XMMXCSJ081918.6+705457.5: All columns are as explained in Table

Galaxy Name RA (J2000) | Dec (J2000) z Reference
SDSS 09"44m00.29°% | +16°40'11.2" | 0.2487 | [Verdugo et al.[(2008)
J094400.28+164011.1
SDSS 09"43m34.06° | +16°40'35.7” | 0.2500 | Verdugo et al.[(2008)
J094334.06+164035.7
SDSS 09"43m53.35% | +16°39’'58.8” | 0.2511 | Verdugo et al.[ (2008)
J094353.35+163958.8
SDSS 09"43m45.525 | +16°41'30.5” | 0.2514 | Verdugo et al.[(2008)
J094345.51+164130.4
SDSS 09"43m53.49% | +16°40/22.7" | 0.2516 | Verdugo et al.[(2008)
J094353.48+164022.7
SDSS 09"43m58.03% | +16°41'16.6” | 0.2520 | Verdugo et al.[(2008)
J094358.03+164116.5
2MASX 09"43m58.33% | +16°41'09.1” | 0.2527 | Verdugo et al.[ (2008)
J09435839+1641091
SDSS 09"43m51.68° | +16°4144.7" | 0.2529 | Verdugo et al.[(2008)
J094351.68+164144.7
SDSS 09"43m53.53% | +16°4142.7" | 0.2529 | Verdugo et al.[(2008)
J094353.53+164142.6
SDSS 09"43m33.625 | +16°39'06.3” | 0.2530 | Verdugo et al.[(2008)
J094333.62+163906.3
SDSS 09"43m38.74% | +16°38'55.0” | 0.2533 | Verdugo et al.[ (2008)
J094338.73+163854.9
Continued on next page
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Table A.7 — continued from previous page

Galaxy Name RA (J2000) | Dec (J2000) z Reference

SDSS 09"44m01.37° | +16°38'01.0” | 0.2536 | [Verdugo et al.[ (2008)
J094401.36+163800.9

SDSS 09"43m52.545 | +16°44'39.5” | 0.2538 | Verdugo et al.[(2008)
J094352.54+164439.4

SDSS 09"43m58.78° | +16°40°01.9” | 0.2538 | Verdugo et al.[(2008)
J094358.77+164001.9

SDSS 09"43m32.41° | +16°40°00.6” | 0.2539 | Verdugo et al.[(2008)
J094332.40+164000.5

SDSS 09"43m59.69° | +16°37'29.9” | 0.2542 | Verdugo et al.[(2008)
J094359.68+163729.9

SDSS 09"43m48.67° | +16°40/38.8” | 0.2546 | Verdugo et al.[(2008)
J094348.66+164038.8

SDSS 09"43m55.86° | +16°40/35.6” | 0.2551 | Verdugo et al.[(2008)
J094355.86+164035.5

SDSS 09"43m36.78°% | +16°41'02.3” | 0.2552 | Verdugo et al.[(2008)
J094336.77+164102.3

SDSS 09"43m56.38% | +16°36'50.8” | 0.2552 | Verdugo et al.[(2008)
J094356.38+163650.7

SDSS 09"43m58.90° | +16°39'21.7” | 0.2561 | Verdugo et al.[(2008)
J094358.90+163921.7

SDSS 09"44m05.00° | +16°38'34.4” | 0.2561 | Verdugo et al.[ (2008)
J094405.00+163834.3

SDSS 09"43m59.33% | +16°41'09.4” | 0.2570 | Verdugo et al.[(2008)
J094359.32+164109.4

SDSS 09"43m42.96° | +16°40/34.1” | 0.2573 | Verdugo et al.[(2008)
J094342.95+164034.1

SDSS 09"44m03.17% | +16°39'48.1” | 0.2574 | Verdugo et al.[ (2008)
J094403.16+163948.1

SDSS 09"43m37.95% | +16°39’32.3” | 0.2574 | Verdugo et al.[(2008)
J094337.95+163932.2

SDSS 09"43m40.06° | +16°39'23.3” | 0.2578 | Verdugo et al.[(2008)

J094340.06+163923.2

Table A.7: XMMXCSJ094358.2+164120.7: All columns are as explained in Table




158

Galaxy Name RA (J2000) | Dec (J2000) z Reference
SDSS 10"00™27.87°% | +25°17'51.0” | 0.0495 Le Fevre et al.| (1995)
J100027.86+251750.9
2MASX 09"59™05.97% | +25°12'01.0” | 0.0511 | Adelman-McCarthy et al.| (2008)
J09590595+2512006
2MASX 09"58m59.70° | +25°18'27.8"” | 0.0518 | Adelman-McCarthy et al.| (2008)
J09585969+2518276
SDSS 09"58m48.25% | +25°1116.9” | 0.0518 | Adelman-McCarthy et al.| (2008)
J095848.25+251116.9
2MASX 09"59m40.76° | +24°59’30.5” | 0.0519 | Adelman-McCarthy et al.| (2008)
J09594076+2459301
2MASX 10"00™13.49°% | +24°50'24.1” | 0.0519 | |Adelman-McCarthy et al. (2008)
J10001346+2450242
UGC 05361 09"59™00.86° | +25°12/08.2"” | 0.0519 Huchra et al.| (2012)
2MASX 09"59m04.50° | +25°27'18.2" | 0.0519 | Adelman-McCarthy et al.| (2008)
J09590450+2527176
SDSS 10"01™44.49°% | +25°01’59.3” | 0.0526 | Adelman-McCarthy et al.| (2008)
J100144.49+250159.3
2MASX 09"59™16.44° | +25°09'48.8” | 0.0528 | Adelman-McCarthy et al.| (2008)
J09591647+2509482
SDSS 09"59™00.72° | +25°11’34.7" | 0.0529 | Adelman-McCarthy et al.| (2008)
J095900.71+251134.6
2MASX 10"01™09.60° | +25°20'03.3” | 0.0542 | |Adelman-McCarthy et al. (2008)
J10010959+2520030
SDSS 10"01™05.06° | +24°58'10.4” | 0.0549 | |Adelman-McCarthy et al. (2008)
J100105.06+245810.3
SDSS 09"59m38.75°% | +25°10’'10.9” | 0.0555 | Adelman-McCarthy et al.| (2008)
J095938.75+251010.8
2MASX 10"00™07.65° | +25°14'16.4” | 0.0556 | |Adelman-McCarthy et al. (2008)
J10000767+2514162

Table A.8: XMMXCSJ095957.6+251629.0: All columns are as explained in Table

Galaxy Name RA (J2000) | Dec (J2000) z Reference
SDSS 10"00™52.67° | +01°39'41.2" | 0.2166 Lilly et al. (2007)
J100052.66+013941.1
zCOSMOS 805589 10"00™33.07° | +01°41'04.8” | 0.2179 Lilly et al. (2007)
SDSS 10"00™57.84°% | +01°36/37.2” | 0.2190 Lilly et al. (2007)

J100057.84+013637.1

Continued on next page
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Table A.9 — continued from previous page

Galaxy Name RA (J2000) | Dec (J2000) z Reference
2MASX 10"00™48.54° | +01°39'13.9” | 0.2190 | [Colless et al. (2003a)
J10004852+0139137
SDSS 10"00™37.77° | +01°40'14.0” | 0.2194 Lilly et al. (2007)
J100037.77+014013.9
SDSS 10"00™57.85°% | +01°37/52.2" | 0.2195 Lilly et al. (2007)
J100057.85+013752.1
SDSS 10"00™45.30° | +01°38/'47.4" | 0.2205 | |Abazajian et al.[(2004)
J100045.29+013847.4
2MASX 10"00™45.54° | +01°39'26.5” | 0.2207 | |Abazajian et al.[(2003)
J10004552+0139267
zCOSMOS 805608 10*00™32.16° | +01°38/43.5” | 0.2212 Lilly et al. (2007)
SDSS 10200™44.55°% | +01°39'42.2" | 0.2214 Trump et al. (2007)
J100044.55+013942.0
SDSS 10"00™38.81° | +01°38/27.6” | 0.2219 Lilly et al. (2007)
J100038.81+013827.6
SDSS 10"00™49.03% | +01°35'26.9” | 0.2220 Brusa et al.| (2010)
J100049.03+013526.8
SDSS 10"01™03.45°% | +01°44/13.1” | 0.2220 Lilly et al. (2007)
J100103.45+014413.1
zCOSMOS 805183 10"00™50.21° | +01°43/20.6” | 0.2224 Lilly et al. (2007)
zCOSMOS 805250 10"00™47.36° | +01°37'41.6” | 0.2235 Lilly et al. (2007)
SDSS 10"01™08.67° | +01°39'35.2” | 0.2278 | |Abazajian et al.[(2004)
J100108.66+013935.2

Table A.9: XMMXCSJ100047.4+013926.9: All columns are as explained in Table
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Galaxy Name RA (J2000) | Dec (J2000) z Reference
SDSS 10"01™25.42°% | +02°31'45.2" | 0.1210 | |Abazajian et al.|(2004)
J100125.41+023145.1
SDSS 10"01™31.48°% | +02°25'56.7" | 0.1211 Trump et al. (2007)
J100131.47+022556.7
SDSS 10"01™57.96° | +02°27'46.1" | 0.1213 Lilly et al. (2007)
J100157.95+022746.1
SDSS 10"01™20.63% | +02°26'01.6” | 0.1216 Lilly et al. (2007)
J100120.63+022601.5
GALEXMSC 10"01™20.07° | +02°20'20.0” | 0.1224 Lilly et al. (2007)
J100120.08+022019.9
SDSS 10"01™31.66° | +02°20'01.3” | 0.1224 Lilly et al. (2007)
J100131.65+022001.3
SDSS 10"01™35.33% | +02°28/31.2" | 0.1225 Lilly et al. (2007)
J100135.32+022831.2
SDSS 10"01™38.99° | +02°26'07.8" | 0.1228 Lilly et al. (2007)
J100138.98+022607.8
SDSS 10"01™30.65° | +02°26/24.2" | 0.1228 | |Abazajian et al.[(2004)
J100130.65+022624.2
SDSS 10"01™17.13% | +02°29'19.2” | 0.1230 Lilly et al. (2007)
J100117.12+022919.1
SDSS 10"01™41.86° | +02°25'19.5” | 0.1232 | |Abazajian et al.[(2004)
J100141.85+022519.5
2MASX 10"01™36.46° | +02°26'42.2" | 0.1234 | Abazajian et al.[(2003)
J10013646+0226418
2MASX 10"01™36.93° | +02°30'31.9” | 0.1237 | Abazajian et al.[(2003)
J10013692+0230318
SDSS 10"01™19.77° | +02°27'56.1" | 0.1237 Lilly et al. (2007)
J100119.77+022756.1
zCOSMOS 830563 10"01™20.30° | +02°27'14.6” | 0.1237 Lilly et al. (2007)
2MASX 10"01™39.76° | +02°25'48.8" | 0.1242 | |Abazajian et al.[(2003)
J10013974+0225487
SDSS 10"01™43.45°% | +02°24'09.9” | 0.1245 | |Abazajian et al.|(2004)
J100143.45+022409.8
SDSS 10"01™15.66° | +02°24/23.1” | 0.1245 Lilly et al. (2007)
J100115.65+022423.0
SDSS 10"01™44.43°% | +02°26'54.0” | 0.1246 | Trump et al.[(2007)
J100144.43+022654.0
SDSS 10"01™32.33% | +02°33/06.2” | 0.1253 Lilly et al. (2007)

J100132.33+023306.1

Continued on next page
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Table A.10 — continued from previous page

Galaxy Name RA (J2000) | Dec (J2000) z Reference

SDSS 10"01™23.59° | +02°24'16.8" | 0.1264 Lilly et al. (2007)
J100123.59+022416.8

SDSS 10"01™35.42° | +02°22/46.8” | 0.1265 Lilly et al. (2007)
J100135.42+022246.8

SDSS 10"01™47.07% | +02°22/57.7" | 0.1269 Lilly et al. (2007)
J100147.06+022257.6

SDSS 10801™23.20° | +02°24'14.9” | 0.1273 Lilly et al. (2007)
J100123.20+022414.9

SDSS 10"01™54.07° | +02°19/35.9” | 0.1281 Lilly et al. (2007)
J100154.07+021935.8

SDSS 10801™27.73% | 402°31'26.5” | 0.1298 Lilly et al. (2007)
J100127.72+023126.4

Table A.10: XMMXCSJ100141.7+022539.8: All columns are as explained in Table

Galaxy Name RA (J2000) | Dec (J2000) z Reference
2MASX 10"40™35.98°% | +40°02/10.8” | 0.1331 Adelman-McCarthy et al.| (2006)
J10403601+4002107
SDSS 1040™45.35°% | +39°54'48.6” | 0.1341 | |Sanchez Almeida et al. (2011)
J104045.34+395448.5
B3 1037+401 10"40™44.45°% | +39°54'54.9" | 0.1341 Adelman-McCarthy et al.| (2006)
SDSS 10"41™26.58° | +39°58/45.5” | 0.1352 Miller et al.| (2002)
J104126.57+395845.5
SDSS 10"40™43.44°% | +39°57'05.3” | 0.1357 | |Adelman-McCarthy et al. (2006)
J104043.44+395705.3
2MASX 10"40™33.96° | +40°03/49.5” | 0.1369 Miller et al.| (2002)
J10403391+4003497
2MASX 10240™53.62° | +40°01'42.0” | 0.1374 Adelman-McCarthy et al.| (2006)
J10405360+4001417
SDSS 10240™44.50° | +39°57/11.3” | 0.1380 Ofek et al. (2007)
J104044.49+395711.2
SDSS 10"39™43.42% | +40°04'35.2" | 0.1384 Adelman-McCarthy et al.| (2006)
J103943.42+400435.2
2MASX 10"41™42.43% | +40°00'45.8” | 0.1385 | /Adelman-McCarthy et al.| (2006)
J10414241+4000453
2MASX 10P40™44.50° | +39°57'11.3” | 0.1386 Schaerer et al.|(1999)
J10404446+3957117

Continued on next page
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Table A.11 - continued from previous page

Galaxy Name RA (J2000) | Dec (J2000) z Reference
SDSS 10"40™47.01° | +39°55'51.8” | 0.1386 | |Adelman-McCarthy et al. (2006)
J104047.01+395551.8
SDSS 10"41™14.48° | +39°59'01.6” | 0.1401 | |Adelman-McCarthy et al. (2006)
J104114.47+395901.6
SDSS 10P40™27.22° | +40°04'59.4" | 0.1416 Adelman-McCarthy et al.| (2006)
J104027.21+400459.3
SDSS 10"40™06.84° | +39°53'56.9” | 0.1420 | |Adelman-McCarthy et al. (2006)
J104006.83+395356.8
2MASX 10"41™20.49° | +39°47'29.3” | 0.1433 | |Adelman-McCarthy et al. (2006)
J10412053+3947284
SDSS 10"39™45.83% | +40°00'47.1" | 0.1441 Adelman-McCarthy et al.| (2006)

J103945.82+400047.0

Table A.11: XMMXCSJ104044.4+395710.4: All columns are as explained in Table

Galaxy Name RA (J2000) | Dec (J2000) z Reference

SDSS 11715™12.71° | +53°19'30.6” | 0.4586 | Bayliss et al.| (2011)
J111512.70+531930.5

SDSS 11115™20.84°% | +53°21'01.0” | 0.4601 | Bayliss et al.| (2011)
J111520.84+532100.9

SDSS 11"15™17.30° | +53°21'15.3” | 0.4639 | Bayliss et al.| (2011)
J111517.30+532115.2

SDSS 11M15™17.85° | +53°19'49.4” | 0.4640 | Bayliss et al.|(2011)
J111517.85+531949.3

SDSS 11"15™m07.38° | +53°19'55.8” | 0.4642 | Bayliss et al.| (2011)
J111507.374531955.7

SDSS 11115™m05.54°% | +53°20'42.4" | 0.4654 | Bayliss et al.|(2011)
J111505.53+532042.4

SDSS 11M15™14.49° | +53°19'48.9” | 0.4654 | Bayliss et al.|(2011)
J111514.49+531948.8

SDSS 11M15™14.51° | +53°18/53.1” | 0.4660 | Bayliss et al.| (2011)
J111514.51+531853.1

SDSS 11715™14.85% | +53°19'54.3" | 0.4664 | Abazajian et al.[(2005)
J111514.84+531954.3

SDSS 11715™19.71° | +53°18/37.9” | 0.4670 | Bayliss et al.| (2011)
J111519.70+531837.9

SDSS 11115™m04.20° | +53°21'00.5” | 0.4671 | Bayliss et al.| (2011)

J111504.19+532100.4

Continued on next page
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Table A.12 - continued from previous page

Galaxy Name RA (J2000) | Dec (J2000) z Reference
SDSS 11715™18.76° | +53°19'48.4" | 0.4686 | |Abazajian et al.|(2005)
J111518.75+531948.3
SDSS 11715™09.79° | +53°19'25.3” | 0.4702 | [Bayliss et al.[(2011)
J111509.79+531925.2
SDSS 11"15™15.10° | +53°20'02.8” | 0.4708 | Bayliss et al.| (2011)
J111515.10+532002.8
SDSS 11015™12.26° | +53°18/30.9” | 0.4745 | Bayliss et al| (2011)
J111512.25+531830.8
(BHG2011) 11015™10.11° | +53°19'39.9” | 0.4759 | Bayliss et al.| (2011)

J111510.10+531939.9

Table A.12: XMMXCSJ111515.6+531949.5: All columns are as explained in Table

Galaxy Name RA (J2000) | Dec (J2000) z Reference
2MASX 11"51™13.65° | +55°0736.5” | 0.0757 | |Abazajian et al.|(2005)
J115113614+5507364
2MASX 11151™36.33°% | +55°05'43.3” | 0.0781 | |Abazajian et al.|(2005)
J11513633+5505433
SDSS 11151™09.52°% | +55°06'45.1” | 0.0782 | |Abazajian et al.|(2005)
J115109.52+550645.0
SDSS 11"51™07.14° | +55°08/39.3” | 0.0783 | |Abazajian et al.|(2005)
J115107.14+550839.1
2MASX 11151™m04.57° | +55°10'36.0” | 0.0787 | |Abazajian et al.|(2005)
J11510461+5510363
2MASX 11"50™53.45° | +55°12/01.3” | 0.0793 | |Abazajian et al.|(2005)
J11505351+5512012
2MASX 11851™13.47° | +55°06'59.2" | 0.0794 | Abazajian et al.|(2005)
J11511349+5506594
(KKS81) 1 11"51™m25.80° | +55°06'19.0” | 0.0794 Schweizer| (1996)
SDSS 11"51™46.45° | +55°06'44.2" | 0.0796 | |Abazajian et al.[(2005)
J115146.44+550644.2
2MASX 11851™57.70° | +55°08'08.4” | 0.0797 | |Abazajian et al.|(2005)
J11515770+5508085
2MASX 11151™28.30° | +55°04/48.2" | 0.0797 | |Abazajian et al.|(2005)
J11512829+5504483
SDSS 11751™32.92% | +55°07'57.1” | 0.0798 | |Abazajian et al.|(2005)

J115132.91+550757.0

Continued on next page




164

Table A.13 - continued from previous page

Galaxy Name RA (J2000) | Dec (J2000) z Reference
SDSS 11752™m13.62°% | +55°13'12.7" | 0.0803 | |Abazajian et al.[(2005)
J115213.62+4551312.7
2MASX 11151™23.38° | +55°06'56.0” | 0.0806 | Abazajian et al.|(2005)
J11512340+5506563
2MASX 11"51™16.45° | +55°09'59.0” | 0.0811 | Abazajian et al.|(2005)
J11511641+5509594
SDSS 11152m01.63° | +55°04'14.2" | 0.0814 | Abazajian et al.[(2005)

J115201.62+550414.1

Table A.13: XMMXCSJ115112.0+550655.5: All columns are as explained in Table

Galaxy Name RA (J2000) | Dec (J2000) z Reference
SDSS 12:31™40.80° | +41°36'26.4” | 0.1708 | |Adelman-McCarthy et al.[(2006)
J123140.79+413626.3
2MASX 12:32™04.12° | +41°33’32.4” | 0.1713 | |Adelman-McCarthy et al.| (2006)
J12320414+4133324
2MASX 12:31™56.59° | +41°33/58.5” | 0.1719 | |Adelman-McCarthy et al.| (2006)
J12315661+4133582
2MASX 12:32™00.56° | +41°33/31.9” | 0.1727 | |/Adelman-McCarthy et al. (2006)
J12320054+4133322
2MASX 12:32™04.68° | +41°33/36.0” | 0.1732 | |/ Adelman-McCarthy et al. (2007)
J12320463+4133362
2MASX 12:31™52.98% | +41°33'18.7” | 0.1739 | |Adelman-McCarthy et al.| (2006)
J12315296+4133182
2MASX 12:31™41.46° | +41°39'35.9” | 0.1750 | |/ Adelman-McCarthy et al. (2006)
J12314144+4139361
SDSS 12:31™51.90° | +41°34'34.7” | 0.1750 | |Adelman-McCarthy et al.| (2006)
J123151.89+413434.7
2MASX 12:31™43.90° | +41°37'33.9” | 0.1757 | |/Adelman-McCarthy et al. (2006)
J12314386+4137341
SDSS 12:31™36.05° | +41°43'14.0” | 0.1763 | /Adelman-McCarthy et al. (2006)
J123136.04+414314.0

Table A.14: XMMXCSJ123144.4+413732.0: All columns are as explained in Table
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Galaxy Name RA (J2000) | Dec (J2000) z Reference
SDSS 15716™23.79° | +00°01'56.5” | 0.1126 | Stoughton et al.| (2002)
J151623.79+000156.4
SDSS 15716™26.35% | -00°02'28.9” | 0.1142 | Stoughton et al. (2002)
J151626.35-000228.8
2MASX 15716™19.00° | +00°05'06.6” | 0.1147 | |Abazajian et al.[(2003)
J15161900+0005067
2MASX 15116™23.49% | +00°06'09.1” | 0.1154 | |Abazajian et al.| (2003)
J15162348+0006093
2MASX 15216™15.63°% | +00°0529.0” | 0.1158 | |Abazajian et al.[(2003)
J15161563+0005291
2MASX 15M16™25.45° | +00°03/37.6” | 0.1167 | |Abazajian et al.| (2003)
J15162547+0003377
SDSS 15716™26.18° | +00°07'07.5” | 0.1167 | Stoughton et al.| (2002)
J151626.17+000707.4
2MASX 15"16™19.92% | +00°03'34.5” | 0.1174 | |Abazajian et al.| (2003)
J15161988+0003343
SDSS 15816™02.71° | +00°15'18.4” | 0.1178 | |Abazajian et al.| (2003)
J151602.71+001518.3
2MASX 15216™04.21° | +00°02'56.4” | 0.1183 | |Abazajian et al.[(2003)
J15160423+0002561
2MASX 15M17™13.25° | +00°09'19.7” | 0.1186 | |Abazajian et al.| (2003)
J15171323+0009193
SDSS 15716™40.19° | -00°04'04.8” | 0.1188 | Stoughton et al.| (2002)
J151640.19-000404.8
2MASX 15116™09.53° | +00°14/54.2” | 0.1189 | |Abazajian et al.| (2003)
J15160950+0014541
2MASX 15117™09.57¢ | +00°07'44.7" | 0.1190 | |Abazajian et al.| (2003)
J15170956+0007443
SDSS 15716™14.81° | +00°0'22.5" | 0.1196 | |Abazajian et al.[(2003)
J151614.81+000022.5
SDSS 15M16™15.11° | +00°04/29.6” | 0.1201 | |Abazajian et al.| (2003)
J151615.10+000429.5
2MASX 15216™26.38% | +00°17'51.1” | 0.1202 | |Abazajian et al.| (2003)
J15162640+0017507
SDSS 15216™29.26° | +00°08'35.6” | 0.1203 | |Abazajian et al.[(2003)
J151629.25+000835.5
2MASX 15M16™12.12% | +00°17'40.0” | 0.1204 | |Abazajian et al.| (2003)
J15161210+0017401
2MASX 15216™07.37° | +00°20°07.1” | 0.1206 | |Abazajian et al.[(2003)
J15160737+0020071

Continued on next page
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Table A.15 - continued from previous page

Galaxy Name RA (J2000) | Dec (J2000) z Reference
SDSS 15716™38.00° | +00°07'18.7” | 0.1207 | |Abazajian et al.|(2003)
J151637.99+000718.7
2MASX 15716™17.93% | +00°05'20.5” | 0.1208 Guzzo et al.| (2009)
J15161794+0005203
SDSS 15115™59.04% | -00°03'23.9” | 0.1208 | Stoughton et al.| (2002)
J151559.04-000323.8
SDSS 15217™09.75% | +00°12'24.1” | 0.1210 | |Abazajian et al.[(2003)
J151709.75+001224.0
SDSS 15"16™15.3° | -00°03/25.4" | 0.1211 | |Abazajian et al. (2003)
J151615.30-000325.4
SDSS 15116™49.46° | -00°01'35.0” | 0.1215 | |Abazajian et al.| (2003)
J151649.45-000135.0
2MASX 15216™08.06° | +00°02'01.1” | 0.1215 | |Abazajian et al.[(2003)
J15160803+0002011
SDSS 15"16™24.58° | -00°09'23.7” | 0.1216 | |Abazajian et al.| (2003)
J151624.58-000923.7
SDSS 15216™04.15% | +00°0124.9” | 0.1218 | |Abazajian et al.[(2003)
J151604.14+001024.8
2MASX 15"16™03.33% | +00°08'27.5” | 0.1223 | |Abazajian et al.| (2003)
J15160330+0008271
SDSS 15216™14.45°% | +00°05'08.4" | 0.1229 Guzzo et al.| (2009)
J151614.44+000508.3
SDSS 15"16™13.19°% | +00°05'09.1” | 0.1239 Guzzo et al.| (2009)
J151613.19+000509.1
SDSS 1516™31.54° | +00°06'48.2" | 0.1260 | |Abazajian et al.[(2003)
J151631.54+000648.1
2MASX 15115™54.63° | +00°02/13.0” | 0.1266 | |Abazajian et al.| (2003)
J15155460+0002127
2MASX 15M16™34.14% | -00°0429.7" | 0.1266 Jones et al. (2009)

J15163414-0004296

Table A.15: XMMXCSJ151618.6+000531.3: All columns are as explained in Table

Galaxy Name RA (J2000) | Dec (J2000) z Reference
SDSS 16"11™26.49° | +54°16’19.2” | 0.3310 | [Trichas et al. (2010)
J161126.49+541619.2
SDSS 16"11™31.39°% | +54°13/33.2” | 0.3330 | [Trichas et al. (2010)
J161131.39+541333.1

Continued on next page
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Table A.16 — continued from previous page

Galaxy Name RA (J2000) | Dec (J2000) z Reference
SDSS 1611™47.78°% | +54°1132.3” | 0.3340 | [Trichas et al. (2010)
J161147.78+541132.2
ELAIS06S(R) 16111m27.53% | +54°14/22.7" | 0.3350 | Trichas et al|(2010)
J161127.5+541422
SDSS 16711™22.54°% | +54°17'06.6” | 0.3360 | Trichas et al. (2010)
J161122.54+541706.5
SDSS 16211™34.92°% | +54°14'04.7" | 0.3360 | [Trichas et al.| (2010)
J161134.91+541404.6
SDSS 16"11™35.94°% | +54°16/34.5” | 0.3380 | [Trichas et al. (2010)
J161135.93+541634.5
SDSS 1611™38.50° | +54°19'22.1” | 0.3390 | [Trichas et al.| (2010)
J161138.50+541922.0
SDSS 16"11™m28.26° | +54°17'20.8” | 0.3400 | [Trichas et al. (2010)
J161128.25+541720.8
SDSS 16"11™40.24°% | +54°17'41.1" | 0.3410 | [Trichas et al. (2010)
J161140.23+541741.1
SDSS 16711™43.53% | +54°16/28.5” | 0.3410 | (Trichas et al.| (2010)
J161143.52+541628.5
SDSS 16"11™15.42° | +54°16/27.4" | 0.3420 | [Trichas et al. (2010)
J161115.41+541627.4

Table A.16: XMMXCSJ161132.7+541628.3: All columns are as explained in Table

Galaxy Name RA (J2000) | Dec (J2000) z Reference
SDSS 16"30™57.88° | +24°34'12.7" | 0.0560 | |Adelman-McCarthy et al. (2006)
J163057.87+243412.6
CGCG 138-016 16728™36.04° | +24°33/19.8” | 0.0571 Freudling et al. (1992)
SDSS 16"28™54.20° | +24°31'38.6” | 0.0574 | |Adelman-McCarthy et al. (2006)
J162854.19+243138.5
2MASX 16"30™59.72% | +24°37'08.0” | 0.0579 | |Adelman-McCarthy et al. (2007)
J16305968+2437076
SDSS 16"30™39.80° | +24°39'38.3” | 0.0580 | |Adelman-McCarthy et al. (2006)
J163039.80+243938.2
2MASX 16"31™m03.00° | +24°42'45.6” | 0.0581 | Adelman-McCarthy et al.| (2006)
J16310298+2442456
2MASX 16"31™18.75°% | +24°42/44.2" | 0.0582 | Adelman-McCarthy et al.| (2006)
J16311876+2442442

Continued on next page
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Table A.17 — continued from previous page

Galaxy Name RA (J2000) | Dec (J2000) z Reference
2MASX 16"31™03.26° | +24°42/58.5" | 0.0586 Adelman-McCarthy et al.|(2007)
J16310320+2442586
SDSS 16"30™56.45° | +24°38'16.4” | 0.0589 | |Adelman-McCarthy et al. (2006)
J163056.45+243816.4
2MASX 16"29™39.59% | +24°08/56.0” | 0.0591 Adelman-McCarthy et al.| (2007)
J16293963+2408563
SDSS 16730™21.73% | 424°59'11.6" | 0.0607 Adelman-McCarthy et al.| (2006)
J163021.72+245911.6
SDSS 16730™20.56° | +24°34/'57.6" | 0.0611 Adelman-McCarthy et al.| (2006)
J163020.55+243457.6
SDSS 16"30™22.48°% | +24°32'16.0” | 0.0613 Adelman-McCarthy et al.| (2006)
J163022.47+243215.9
2MASX 16"30™18.54° | +24°30'42.0” | 0.0614 | Adelman-McCarthy et al.| (2007)
J16301853+2430424
2MASX 16"30™37.21% | +24°40/'37.8" | 0.0616 Adelman-McCarthy et al.| (2006)
J16303722+2440374
SDSS 16"30™31.89° | +24°25'19.6” | 0.0617 | |Adelman-McCarthy et al. (2006)
J163031.89+242519.5
2MASX 16730™02.28°% | +24°34'05.3" | 0.0618 Adelman-McCarthy et al.|(2007)
J16300229+2434054
SDSS 16"30™26.86° | +24°36'52.2" | 0.0619 Adelman-McCarthy et al.| (2006)
J163026.85+243652.1
2MASX 16"29™58.65° | +24°40'08.3” | 0.0620 | |Adelman-McCarthy et al. (2006)
J16295863+2440084
SDSS 16730™25.23% | 424°35'17.3" | 0.0622 Adelman-McCarthy et al.| (2006)
J163025.22+243517.2
2MASX 16"30™26.65°% | +24°36'40.3" | 0.0623 Adelman-McCarthy et al.| (2006)
J16302666+2436404
SDSS 16"31™10.04° | +24°36/38.0” | 0.0623 | |Adelman-McCarthy et al. (2006)
J163110.03+243637.9
MCG +04-39-010 16"30™14.56° | +24°34/38.0" | 0.0626 Adelman-McCarthy et al.| (2006)
NEDO1
SDSS 16"30™46.40° | +24°56/53.1” | 0.0629 | |Adelman-McCarthy et al. (2006)
J163046.39+245653.0
2MASX 16"30™01.12°% | +24°32/06.8” | 0.0630 | |Adelman-McCarthy et al. (2007)
J16300112+2432064
CGCG 138-030 16"30™53.84% | +24°33'43.6" | 0.0632 Huchra et al. (2012))
SDSS 16728™54.71% | 424°40'50.8” | 0.0632 Adelman-McCarthy et al.| (2006)
J162854.70+244050.7

Continued on next page
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Table A.17 — continued from previous page

Galaxy Name RA (J2000) | Dec (J2000) z Reference
SDSS 16"30m42.60° | +24°26'11.3" | 0.0633 Adelman-McCarthy et al.| (2006)
J163042.59+242611.3
2MASX 16"31™M42.33% | +24°45'53.1” | 0.0634 | |Adelman-McCarthy et al. (2007)
J16314233+2445531
MCG +04-39-010 16"30™16.11° | 424°34'16.3” | 0.0634 Adelman-McCarthy et al.| (2007)
NEDO7
2MASX 16729™24.69° | +24°52/08.2" | 0.0634 Adelman-McCarthy et al.|(2007)
J16292467+2452082
SDSS 16730™53.84° | +24°31'47.3" | 0.0635 Adelman-McCarthy et al.| (2006)
J163053.84+243147.2
SDSS 16"30™19.68°% | +24°33'30.1” | 0.0635 Adelman-McCarthy et al.| (2006)
J163019.67+243330.0
2MASX 16"31m30.39°% | +24°49/30.1” | 0.0636 | Adelman-McCarthy et al.| (2007)
J16313042+2449302
2MASX 16728™41.91% | +24°4627.8" | 0.0638 Adelman-McCarthy et al.| (2006)
J16284192+2446279
SDSS 16731™04.62° | 424°57'19.9” | 0.0639 Adelman-McCarthy et al.| (2006)
J163104.62+245719.8
IC 4607 16730™15.87° | 424°34/27.7" | 0.0639 Huchra et al.| (2012
SDSS 16731™06.45°% | +24°12/48.7" | 0.0639 Adelman-McCarthy et al.| (2006)
J163106.44+241248.7
SDSS 16"31™10.31° | +24°58/53.7" | 0.0641 Adelman-McCarthy et al.| (2006)
J163110.30+245853.6
SDSS 16"31™09.43° | +24°22/02.8” | 0.0642 | |Adelman-McCarthy et al. (2006)
J163109.43+242202.7
2MASX 16730™15.43% | 424°42/44.1" | 0.0643 Adelman-McCarthy et al.| (2007)
J16301543+2442443
2MASX 16730™38.89°% | +24°30/59.2” | 0.0643 Adelman-McCarthy et al.| (2006)
J16303890+2430594
MCG +04-39-010 16730™14.59°% | +24°35'13.2” | 0.0643 Adelman-McCarthy et al.|(2007)
NEDO3
SDSS 16"30™41.55°% | +24°58'53.0" | 0.0644 Adelman-McCarthy et al.| (2006)
J163041.54+245853.0
SDSS 16128m36.56° | +24°47'52.4" | 0.0644 | Adelman-McCarthy et al.| (2006)
J162836.55+244752.4
2MASX 16"31™59.69° | +24°28/55.4" | 0.0645 Adelman-McCarthy et al. (2007)
J16315966+2428552
2MASX 16730™14.50° | 424°37'06.4" | 0.0646 Adelman-McCarthy et al.| (2006)
J16301449+2437063
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Table A.17 — continued from previous page

Galaxy Name RA (J2000) | Dec (J2000) z Reference
2MASX 16"30™50.28°% | +24°55'22.7" | 0.0647 Adelman-McCarthy et al.| (2006)
J16305028+2455226
2MASX 16"30™28.83° | +24°3316.3” | 0.0647 | |Adelman-McCarthy et al. (2006)
J16302886+2433164
2MASX 16"30™12.17° | 424°33/47.7" | 0.0649 Adelman-McCarthy et al.| (2006)
J16301215+2433473
SDSS 16"30™04.89° | +24°04'09.3” | 0.0650 | |Adelman-McCarthy et al. (2006)
J163004.88+240409.2
2MASX 16"30™07.44° | +24°40'36.3” | 0.0651 | |Adelman-McCarthy et al. (2006)
J16300743+2440363
2MASX 16"30™43.18°% | +24°40/39.1” | 0.0653 Adelman-McCarthy et al.| (2006)
J16304317+2440386
2MASX 16"30m35.09° | +24°35'32.3” | 0.0654 | Adelman-McCarthy et al.| (2007)
J16303509+2435324
SDSS 16729™11.45% | +24°34’14.0” | 0.0655 Adelman-McCarthy et al.| (2006)
J162911.44+243413.9
2MASX 16"29™47.10° | +24°3419.4" | 0.0656 Adelman-McCarthy et al.|(2007)
J16294712+2434194
2MASX 16730™39.85°% | +24°34/55.2" | 0.0659 Adelman-McCarthy et al.|(2007)
J16303981+2434546
2MASX 16"30™36.06° | +24°55'43.2" | 0.0659 Adelman-McCarthy et al.| (2006)
J16303606+2455434
SDSS 16"30™02.24° | +24°47'21.7" | 0.0660 | |Adelman-McCarthy et al. (2006)
J163002.23+244721.6
2MASX 16"30™m37.41° | +24°40'15.2” | 0.0663 | |Adelman-McCarthy et al. (2007)
J16303737+2440154
2MASX 16"31™19.80° | +24°24’41.9” | 0.0665 Adelman-McCarthy et al.| (2006)
J16311982+2424422
SDSS 16"30™25.17° | +24°3528.7" | 0.0670 | |Adelman-McCarthy et al. (2006)
J163025.16+243528.7

Table A.17: XMMXCSJ163015.6+243423.2: All columns are as explained in Table

Galaxy Name RA (J2000) | Dec (J2000) z Reference
(W2011) 22h39m28.15% | -05°45'56.9” | 0.2402 | Wegner (2011)
J339.86728-05.76581
(W2011) 22039m25.26° | -05°47'00.9” | 0.2405 | Wegner (2011))
J339.85526-05.78358
Continued on next page
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Galaxy Name RA (J2000) | Dec (J2000) z Reference
(W2011) 22539m25.00° | -05°47'04.0” | 0.2410 | Wegner (2011)
J339.85416-05.78444
(W2011) 22039m22 355 | -05°45'07.9" | 0.2414 | Wegner (2011))
J339.84311-05.75219
(W2011) 22P39m25.91% | -05°40'11.0" | 0.2421 | Wegner (2011))
J339.85796-05.66972
(W2011) 22039m39.65° | -05°43/55.7" | 0.2421 | Wegner (2011))
J339.91522-05.73214
(W2011) 22039m42 96° | -05°42/25.3" | 0.2424 | Wegner (2011))
J339.92899-05.70703
APMUKS(BJ) 22039m25.61° | -05°45'43.1" | 0.2425 | Wegner (2011))
B223649.45-060121.8
(W2011) 22039m31.915 | -05°41/10.2" | 0.2425 | Wegner (2011))
J339.88293-05.68617
(W2011) 22h39m43 81% | -05°43/19.0” | 0.2427 | Wegner (2011))
J339.93253-05.72194
(W2011) 22039m26.215 | -05°46/41.2" | 0.2434 | Wegner (2011))
J339.85922-05.77811
APMUKS(BJ) 22039m40.49° | -05°43/26.7" | 0.2436 | Wegner (2011))
B223704.30-055906.2
(W2011) 22839™m39.33% | -05°44'16.4" | 0.2437 | Wegner (2011)
J339.91388-05.73789
(W2011) 22039m45 355 | -05°45'18.9" | 0.2437 | Wegner (2011))
J339.93896-05.75525
APMUKS(BJ) 22039m39.10° | -05°47'41.7" | 0.2441 | Wegner (2011))
B223702.94-060320.8
(W2011) 22039m42 89% | -05°44/25.2" | 0.2441 | Wegner (2011))
J339.92871-05.74033
(W2011) 22039m29 915 | -05°41/35.2" | 0.2441 | Wegner (2011))
J339.87462-05.69311
(W2011) 22h39m38.85°% | -05°38/00.0” | 0.2442 | Wegner (2011))
J339.91187-05.63333
GALEXASC 22039m38.36° | -05°44/03.8" | 0.2442 | Wegner (2011))
J223938.36-054401.5
(W2011) 22039m17.14% | -05°42/31.0" | 0.2443 | Wegner (2011))
J339.82141-05.70861
APMUKS(BJ) 22039m32 315 | -05°41/10.7" | 0.2443 | Wegner (2011))
B223656.20-055649.6
(W2011) 22039m37.15% | -05°44/50.7" | 0.2445 | Wegner (2011))

J339.90479-05.74742
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Galaxy Name RA (J2000) | Dec (J2000) z Reference
GALEXASC 22039m32 36° | -05°45'46.5" | 0.2445 | Wegner (2011)
J223932.33-054544.9
(W2011) 22039m37.93% | -05°43/28.6" | 0.2445 | Wegner (2011))
J339.90805-05.72461
(W2011) 22039m31.21% | -05°40'19.8" | 0.2446 | Wegner (2011))
J339.88004-05.67217
(W2011) 22039m32. 615 | -05°41/20.8" | 0.2446 | Wegner (2011))
J339.88586-05.68911
(W2011) 22h39m39 375 | -05°43/54.0" | 0.2447 | Wegner (2011))
J339.91403-05.73167
(W2011) 22039m35.90° | -05°42/22.2" | 0.2448 | Wegner (2011))
J339.89958-05.70617
(W2011) 22839m36.915 | -05°45/22.0" | 0.2448 | Wegner (2011))
J339.90379-05.75611
(W2011) 22039m34.10° | -05°48/24.4" | 0.2448 | Wegner (2011))
J339.89209-05.80678
(W2011) 22039m25.575 | -05°46/48.8" | 0.2449 | Wegner (2011))
J339.85654-05.78022
(W2011) 22039m44 50° | -05°40'13.4" | 0.2451 | Wegner (2011))
J339.93542-05.67039
(W2011) 22839m20.46° | -05°45'18.3" | 0.2452 | Wegner (2011)
J339.83524-05.75508
(W2011) 22039m24.70° | -05°47'12.2" | 0.2452 | Wegner (2011))
J339.85291-05.78672
(W2011) 22840™00.00° | -05°44'16.9" | 0.2453 | Wegner (2011))
J340.00000-05.73803
2MASX 22039m24 575 | -05°47'17.4" | 0.2453 | Wegner (2011))
J22392454-0547173
APMUKS(BJ) 22039m51.98° | -05°45'23.8" | 0.2454 | Wegner (2011))
B223715.80-060103.5
(W2011) 22P39m25.50° | -05°47'06.3" | 0.2454 | Wegner (2011))
J339.85626-05.78508
(W2011) 22039m49.145 | -05°47'29.4" | 0.2454 | Wegner (2011))
J339.95475-05.79149
(W2011) 22039m24.01% | -05°44'57.2" | 0.2454 | Wegner (2011))
J339.85004-05.74921
APMUKS(BJ) 22039m27.86° | -05°47'40.2" | 0.2455 | Wegner (2011))
B223651.70-060319.5
(W2011) 22039m31.98% | -05°40'56.1" | 0.2457 | Wegner (2011))

J339.88324-05.68225
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Galaxy Name RA (J2000) | Dec (J2000) z Reference
(W2011) 22039m23.19% | -05°45'22.5" | 0.2457 | Wegner (2011)
J339.84662-05.75625
(W2011) 22039m38.20° | -05°46/13.3" | 0.2458 | Wegner (2011))
J339.90917-05.77036
(W2011) 22h39m34.61° | -05°48/45.6" | 0.2460 | Wegner (2011))
J339.89420-05.81267
(W2011) 22039m45 815 | -05°43/02.7" | 0.2462 | Wegner (2011))
J339.94089-05.71742
(W2011) 22h39m46.87° | -05°45'45.2" | 0.2463 | Wegner (2011))
J339.94528-05.76256
(W2011) 22039m38.345 | -05°45'12.2" | 0.2464 | Wegner (2011))
J339.90976-05.75339
(W2011) 22839m29.60° | -05°48/22.1" | 0.2466 | Wegner (2011))
J339.87332-05.80614
(W2011) 22h39m35.45° | -05°48/21.5" | 0.2469 | Wegner (2011))
J339.89771-05.80597
2MASX 22039m20.40° | -05°44'23.1" | 0.2469 | Wegner (2011))
J22392032-0544233
(W2011) 22h39m29.75% | -05°45'46.0" | 0.2470 | Wegner (2011))
J339.87396-05.76278
APMUKS(BJ) 22839™40.60° | -05°43'18.5" | 0.2470 | Wegner (2011)
B223704.44-055858.1
(W2011) 22039m38.225 | -05°46/41.8" | 0.2471 | Wegner (2011))
J339.90925-05.77828
(W2011) 22P39m47.01% | -05°38/38.9” | 0.2472 | Wegner (2011))
J339.94589-05.64414
(W2011) 22039m23 375 | -05°44/29.9" | 0.2473 | Wegner (2011))
J339.84738-05.74164
APMUKS(BJ) 22839m46.57° | -05°39/11.1" | 0.2475 | Wegner (2011))
B223710.40-055450.0
(W2011) 22P39m18.47° | -05°44'34.4" | 0.2475 | Wegner (2011))
J339.82697-05.74289
(W2011) 22039m17.83% | -05°44/38.4" | 0.2475 | Wegner (2011))
J339.82428-05.74400
(W2011) 22h39m33 235 | -05°48/02.7" | 0.2478 | Wegner (2011))
J339.88842-05.80075
(W2011) 22039m31.425 | -05°45'00.9” | 0.2489 | Wegner (2011))
J339.88092-05.75026
(W2011) 22039m38.50° | -05°41/33.8" | 0.2490 | Wegner (2011))

J339.91043-05.69272
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Galaxy Name RA (J2000) | Dec (J2000) z Reference
(W2011) 22039m37.255 | -05°41/21.5" | 0.2492 | Wegner (2011)
J339.90521-05.68931
(W2011) 22039m41.29% | -05°44'03.0" | 0.2492 | Wegner (2011))
J339.92203-05.73417
(W2011) 22P39m41.00° | -05°43/54.8" | 0.2497 | Wegner (2011))
J339.92083-05.73192
(W2011) 22039m38.84% | -05°41/03.0” | 0.2500 | Wegner (2011))
J339.91183-05.68417
APMUKS(BJ) 22039m35.71% | -05°41/42.4" | 0.2502 | Wegner (2011))
B223659.52-055721.9
(W2011) 22039m37.16° | -05°40'37.6" | 0.2509 | Wegner (2011))
J339.90482-05.67711

Table A.18: XMMXCSJ223939.3-054327.4:

All columns are as explained in Table

Galaxy Name RA (J2000) | Dec (J2000) z Reference
AGC 331543 23938m31.41° | +27°13'48.2" | 0.1218 | |Scodeggio et al.[(1995)
AGC 331535 23037m55.525 | +27°08'25.8” | 0.1222 | Scodeggio et al.[(1995)
2MASX 23038m(07.24° | +27°1502.9” | 0.1222 | Scodeggio et al.[(1995)
J23380720+2715028
AGC 331529 23037m41.99% | +27°04'37.4” | 0.1226 | Scodeggio et al.[(1995)
AGC 331531 23037m47.13% | +27°09'29.5” | 0.1226 | Scodeggio et al.[(1995)
2MASX 23037M54.16° | +27°18'44.8” | 0.1238 | Scodeggio et al.[(1995)
J23375415+2718448
2MASX 23137™m55.59% | +27°11/13.1” | 0.1245 | Giovanelli et al.|(1995)
J23375559+2711128
AGC 331526 23037m22.51% | +27°06'32.6” | 0.1246 | Scodeggio et al.[(1995)
2MASX 23138™m02.18°% | +27°12/09.1” | 0.1246 Smith et al.| (2004)
J23380218+2712088
2MASX 23138m22.83% | +27°17'51.6” | 0.1263 | Scodeggio et al.[(1995)
J23382282+2717516
2MASX 23037m27.26° | +27°07'41.0” | 0.1264 | Scodeggio et al.[(1995)
J23372726+2707408
BATC 23037m24.10° | +27°14'32.8” | 0.1265 | |Pinkney et al.[(1993)

J233724.29+271434.14

Table A.19: XMMXCSJ233757.0+271121.0: All columns are as explained in Table




ID RA (J2000) | Dec (J2000) z Reference Member
1 10"57™03.77¢ | -03°37'37.3” | 0.8312 | Nastasi et al.|(2014) [Tran et al.|(1999 vV
2 10256™50.845 | -03°37'37.4” | 0.8390 | Nastasi et al.|(2014) Tran et al.|(1999 vV
3 10857™04.10° | -03°37'37.3” | 0.8329 | [Nastasi et al.|(2014) Tran et al.|(1999 vV
4 10856™54.31° | -03°37'37.4” | 0.8380 | [Nastasi et al.|(2014) Tran et al.|(1999 V
5 10"56™51.77¢ | -03°37'37.4” | 0.8371 | Nastasi et al.|(2014) Tran et al.|(1999 vV
6 10"56™58.44° | -03°37'37.4" | 0.8353 | Nastasi et al.|(2014) Tran et al.|(1999 V
7 10"56™56.37° | -03°37'37.4” | 0.8317 | Nastasi et al.|(2014) Tran et al.|(1999 vV
8 10857™01.50° | -03°37'37.3” | 0.8346 | [Nastasi et al.|(2014) Tran et al.|(1999 V
9 10856™56.90° | -03°37'37.4"” | 0.8403 | |Nastasi et al.|(2014) Tran et al.|(1999 V
10 10"56™57.31° | -03°37'37.4" | 0.8175 | Nastasi et al.|(2014) Tran et al.|(1999
11 10257™02.97° | -03°37'37.3” | 0.8367 | |Nastasi et al.|(2014) Tran et al.|(1999 V
12 10"57™01.64° | -03°37'37.3” | 0.8239 | Nastasi et al.|(2014) Tran et al.|(1999 V
13 | 10857™01.04° | -03°37'37.3" | 0.8420 | Nastasi et al.|(2014) Tran et al.|(1999 Vv
14 | 10%56™59.51% | -03°37'37.4” | 0.8454 | Nastasi et al.|(2014) Tran et al.|(1999
15 10"56™59.90° | -03°37'37.4" | 0.8314 | Nastasi et al.|(2014) Tran et al.|(1999 V
16 10"57™04.64° | -03°37/37.3” | 0.8282 | Nastasi et al.|(2014) Tran et al.|(1999 V
17 10"57™03.37° | -03°37'37.3” | 0.8259 | Nastasi et al.|(2014) Tran et al.|(1999 V
18 | 10857™02.44% | -03°37'37.3" | 0.8397 | Nastasi et al.|(2014) Tran et al.|(1999 vV
19 | 10%57™02.44% | -03°37'37.3" | 0.8224 | Nastasi et al.|(2014) Tran et al.|(1999 V
20 10"57™02.84° | -03°37'37.3” | 0.8314 | Nastasi et al.|(2014) Tran et al.|(1999 V
21 10"57™02.17¢ | -03°37/37.3"” | 0.8249 | Nastasi et al.|(2014) Tran et al.|(1999 V
22 10"57™03.77° | -03°37'37.3” | 0.8392 | Nastasi et al.|(2014) Tran et al.|(1999 V
23 | 10"57™03.84% | -03°37'37.3" | 0.8308 | Nastasi et al.|(2014) Tran et al.|(1999 vV
24 | 10857™08.84% | -03°37'37.3” | 0.8250 | Nastasi et al.|(2014) Tran et al.|(1999 V
25 | 10%57™01.97° | -03°37’37.3” | 0.8127 | [Nastasi et al.|(2014) [Tran et al. (1999
26 10"57™01.31° | -03°37/37.3” | 0.8213 | Nastasi et al.|(2014) Tran et al.|(1999 V
27 10"56™57.97¢ | -03°37'37.4" | 0.8209 | Nastasi et al.|(2014) Tran et al.|(1999 V
28 | 10"56™57.77° | -03°37'37.4" | 0.8286 | Nastasi et al.|(2014) Tran et al.|(1999 V
29 | 1056™57.37% | -03°37'37.4” | 0.8353 | Nastasi et al.|(2014) Tran et al.|(1999 V

Continued on next page
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Table A.20 - continued from previous page

ID RA (J2000) | Dec (J2000) z Reference Member
30 10"56™56.97° | -03°37'37.4" | 0.8332 | [Nastasi et al.|(2014) Tran et al.|(1999) Vv
31 10"56™54.44° | -03°37'37.4" | 0.8378 | Nastasi et al.|(2014) Tran et al.|(1999) Vv
32 10"56™53.30° | -03°37/37.4" | 0.8319 | Nastasi et al.|(2014) Tran et al.|(1999) V

Table A.20: XMMXCSJ105659.5-033728.0: Columns 2 - 5 are as explained in Table Column 1 gives an arbitrary ID for each
galaxy and column 6 shows whether or not the galaxy was included as a member for the determination of the velocity dispersion.
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ID RA (J2000) | Dec (J2000) z Reference Member
1 11740m22.31° | 66°08’15.1” | 0.7844 | Nastasi et al.|(2014) [Donahue et al.|(1999 vV
2 11740™22.01° | 66°08'12.1” | 0.7903 | Nastasi et al. (2014) [Donahue et al.|(1999 vV
3 11840™22.61° | 66°08'17.1” | 0.7844 | [Nastasi et al.|(2014) [Donahue et al.|(1999 V
4 11840™22.01° | 66°08'19.0” | 0.7927 | [Nastasi et al.|(2014) [Donahue et al.|(1999 vV
5 11740m21.41° | 66°08'20.1” | 0.7826 | Nastasi et al.(2014) [Donahue et al.|(1999 V
6 11840™17.70° | 66°08'23.0” | 0.7808 | [Nastasi et al.|(2014) [Donahue et al.|(1999 V
7 11740™16.91° | 66°08'25.1” | 0.7909 | Nastasi et al. (2014) Donahue et al.|(1999 vV
8 11%40™17.21° | 66°08'29.1” | 0.7916 | Nastasi et al. (2014) Donahue et al.|(1999 Vv
9 11840™27.41% | 66°08'23.0” | 0.7761 | [Nastasi et al.|(2014) [Donahue et al.|(1999 V
10 11740m27.01° | 66°08'09.0” | 0.7760 | Nastasi et al. (2014) [Donahue et al.|(1999 V
11 11840™29.30° | 66°08'02.1” | 0.7831 | [Nastasi et al.|(2014) [Donahue et al.|(1999 V
12 11140™m24.50° | 66°07'26.1” | 0.7823 | Nastasi et al.|(2014) [Donahue et al.|(1999 v
13 | 11740™14.81% | 66°07’32.1” | 0.7824 | [Nastasi et al.|(2014) Donahue et al.|(1999 Vv
14 | 11%40™30.80° | 66°09'03.0” | 0.7900 | [Nastasi et al.|(2014) Donahue et al.|(1999 V
15 | 11%40™15.11% | 66°09'22.0” | 0.7773 | [Nastasi et al.|(2014) Donahue et al.|(1999 vV
16 11740™17.40° | 66°09'14.1” | 0.7909 | Nastasi et al. (2014) [Donahue et al.|(1999 V
17 11140™m42.80° | 66°1019.0” | 0.7814 | Nastasi et al.|(2014) [Donahue et al.|(1999 vV
18 | 11"40™40.40° | 66°07'52.0” | 0.7889 | [Nastasi et al.|(2014) Donahue et al.|(1999 vV
19 | 11%40™37.10° | 66°07'25.0” | 0.7902 | [Nastasi et al.|(2014) Donahue et al.|(1999 V
20 11%40™10.31° | 66°07'18.1” | 0.7898 | Nastasi et al. (2014) [Donahue et al.|(1999 V
21 11"40™05.90° | 66°08'05.0” | 0.7790 | Nastasi et al. (2014) [Donahue et al.|(1999 vV
22 | 11"39m58.91% | 66°07'60.0” | 0.7792 | [Nastasi et al.|(2014) Donahue et al.|(1999 vV

23 | 11740™06.00° | 66°08'18.0” | 0.7714 | |Nastasi et al.|(2014) Donahue et al.|(1999

Table A.21: XMMXCSJ114023.0+660819.0: All columns are as explained in Table
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ID RA (J2000) | Dec (J2000) z Reference Member
1 18721™16.61° | 68°30'25.0” | 0.8151 | Nastasi et al.|(2014) |Gioia et al.|(2004) v
2 18M21™m21.50° | 68°29'57.1” | 0.8225 | Nastasi et al.|(2014) Gioia et al.|(2004) Vv
3 18"21m26.21° | 68°29'31.0” | 0.8206 | [Nastasi et al.|(2014) Gioia et al.|(2004) Vv
4 18M21™30.80° | 68°29/29.1” | 0.8204 | Nastasi et al.|(2014) Gioia et al.|(2004) vV
5 18M21™m27.90° | 68°28'43.0" | 0.8229 | Nastasi et al. (2014) Gioia et al.|(2004) vV
6 18M21™33.80° | 68°28'40.1” | 0.8235 | Nastasi et al.(2014) Gioia et al.|(2004) v
7 18P21™m32.60° | 68°27'54.1" | 0.8167 | Nastasi et al.|(2014) |Gioia et al.|(2004) Vv
8 18"21m34.91°% | 68°27'53.0” | 0.8099 | [Nastasi et al. (2014) Gioia et al.|(2004) Vv
9 18"21m37.20° | 68°27'51.1” | 0.8153 | [Nastasi et al.|(2014) Gioia et al.|(2004) vV
10 18M21™33.60° | 68°27’50.1” | 0.8161 | Nastasi et al.(2014) Gioia et al.|(2004) vV
11 18M21™35.21% | 68°27'34.0” | 0.8115 | Nastasi et al. (2014) Gioia et al.|(2004) vV
12 18P21™36.60° | 68°27'21.0” | 0.8172 | Nastasi et al.|(2014) |Gioia et al.|(2004) Vv
13 18M21™m37.50° | 68°27'07.0” | 0.8231 | Nastasi et al.|(2014) Gioia et al.|(2004) Vv
14 18M21m37.91% | 68°27°00.1” | 0.8159 | Nastasi et al.|(2014) Gioia et al.|(2004) v
15 18M21™18.20° | 68°27'00.1” | 0.7942 | Nastasi et al.|(2014) Gioia et al.|(2004)

16 18M21™m47.71% | 68°27'06.1” | 0.8089 | Nastasi et al. (2014) Gioia et al.|(2004) V
17 18P21™51.11% | 68°27'17.0” | 0.8060 | Nastasi et al.|(2014) |Gioia et al.|(2004) Vv
18 18P21™57.71% | 68°27'25.0” | 0.8118 | Nastasi et al.|(2014) |Gioia et al.|(2004) Vv
19 18"21™m50.81° | 68°26/09.0” | 0.8152 | [Nastasi et al.|(2014) Gioia et al.|(2004) Vv

20 18M21m47.81% | 68°25'18.1” | 0.8122 | Nastasi et al.|(2014) Gioia et al.|(2004) vV

Table A.22: XMMXCSJ182132.9+682755.0: All columns are as explained in Table A.ZOI
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ID Mask RA (J2000) | Dec (J2000) z Quality | Identification | Member
1 GS-2012B-Q-011-03 | 00"56™46.52° | -27°41'57.9” | 0.6625 3 X
2 GS-2012B-Q-011-03 | 00756™47.54° | -27°41'53.6" | 0.6294 2 X
3 GS-2012B-Q-011-03 | 00"56™47.56° | -27°41'03.2" | 0.5864 3 X
5 GS-2012B-Q-011-03 | 00"56™47.54% | -27°41’19.7" | 0.5604 3 X
6 GS-2012B-Q-011-03 | 00"56™54.47% | -27°41'52.9” | 0.5604 3 X V
7 GS-2012B-Q-011-03 | 00%56™52.73° | -27°41'46.0" | 0.5744 3 X
9 GS-2012B-Q-011-03 | 00756™53.45° | -27°41'28.0” | 0.5754 3 X
11 GS-2012B-Q-011-03 | 00"56™53.03% | -27°40/44.8" | 0.5574 3 X V
12 | GS-2012B-Q-011-03 | 00"56™57.06° | -27°40'12.4" | 0.8196 2 X
13 GS-2012B-Q-011-03 | 00"56™58.95% | -27°40'28.2" | 0.5604 3 X V
14 | GS-2012B-Q-011-03 | 00"56™55.93° | -27°40'27.9” | 0.5584 3 X V
16 | GS-2012B-Q-011-03 | 00"56™54.31° | -27°40'29.3" | 0.5614 3 X V
17 | GS-2012B-Q-011-03 | 00"56™57.48% | -27°41'01.7" | 0.5584 3 X V
18 GS-2012B-Q-011-03 | 00"56™59.35% | -27°40/52.0” | 0.5974 3 X
19 | GS-2012B-Q-011-03 | 00"56™57.03° | -27°40'30.4" | 0.5584 3 X V
20 | GS-2012B-Q-011-03 | 00"56™56.80° | -27°39'34.3" | 0.6014 3 X
23 GS-2012B-Q-011-03 | 00"56™59.28° | -27°39'33.9” | 0.8326 3 X
25 GS-2012B-Q-011-03 | 00"57™02.36° | -27°3929.9” | 0.6284 2 X
26 | GS-2012B-Q-011-03 | 00"57™01.73% | -27°39'34.3" | 0.5694 3 X
27 GS-2012B-Q-011-03 | 00"57™00.36° | -27°39'24.9” | 0.8646 3 X
28 GS-2012B-Q-011-03 | 00"57™02.35% | -27°38'51.1" | 0.5574 3 X
29 | GS-2012B-Q-011-03 | 00"57™03.56° | -27°39'31.0” | 0.5604 3 X
31 GS-2012B-Q-011-03 | 00"57™04.76° | -27°3909.0” | 0.6294 3 X
32 | GS-2012B-Q-011-03 | 00"57™03.51% | -27°38/27.3" | 0.2472 3 X
1 GS-2012B-Q-011-04 | 00"56™46.96° | -27°41'44.6" | 1.0127 2 X
2 GS-2012B-Q-011-04 | 00"56™46.52° | -27°41'57.9" | 0.6625 3 X
3 GS-2012B-Q-011-04 | 00%56™49.75°% | -27°42/31.4" | 0.8336 3 X
4 GS-2012B-Q-011-04 | 00756™44.95°% | -27°40/56.3" | 0.7956 2 X
5 GS-2012B-Q-011-04 | 00"56™46.64° | -27°41'05.7" | 0.5874 3 X

Continued on next page
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Table A.23 — continued from previous page

ID Mask RA (J2000) | Dec (J2000) z Quality | Identification | Member
6 GS-2012B-Q-011-04 | 00"56™47.56° | -27°41'03.2" | 0.5844 3 X
7 GS-2012B-Q-011-04 | 00"56™48.10° | -27°41’00.3” | 0.8126 3 X
8 GS-2012B-Q-011-04 | 00"56™52.46° | -27°41'45.7" | 0.2121 3 X
10 | GS-2012B-Q-011-04 | 00"56™54.96° | -27°41'47.8" | 0.5614 3 X V
11 GS-2012B-Q-011-04 | 00%56™50.57° | -27°40'27.9" | 0.5634 3 X V
12 | GS-2012B-Q-011-04 | 00"56™53.08% | -27°40'49.5" | 0.8586 3 X
13 GS-2012B-Q-011-04 | 00"56™58.35% | -27°41'49.6" | 0.6785 2 X
14 | GS-2012B-Q-011-04 | 00"56™52.88° | -27°40'14.6” | 0.7365 2 X
15 GS-2012B-Q-011-04 | 00"56™54.90° | -27°39'55.1" | 0.5584 3 X V
16 | GS-2012B-Q-011-04 | 00"56™54.76° | -27°40'12.1" | 0.5594 3 X V
17 | GS-2012B-Q-011-04 | 00"56™54.76° | -27°40'51.7" | 0.5614 3 X V
18 GS-2012B-Q-011-04 | 00"56™56.82° | -27°40/30.8” | 0.5994 3 X
19 | GS-2012B-Q-011-04 | 00"56™59.12% | -27°40'41.9” | 0.5964 3 X
20 | GS-2012B-Q-011-04 | 00"56™56.89° | -27°40'02.0” | 1.1908 2 X
23 GS-2012B-Q-011-04 | 00"56™58.05° | -27°37'52.0" | 0.7795 3 X
24 | GS-2012B-Q-011-04 | 00%56™59.04° | -27°37'40.1” | 0.6515 3 X
25 GS-2012B-Q-011-04 | 00756™57.22% | -27°39'34.6” | 0.6314 3 X
26 | GS-2012B-Q-011-04 | 00"56™59.03% | -27°39'15.2" | 0.6294 3 X
27 GS-2012B-Q-011-04 | 00"57™07.97% | -27°39'28.5" | 0.6525 3 X
28 GS-2012B-Q-011-04 | 00"57™04.24° | -27°3923.8" | 0.5614 3 X
29 | GS-2012B-Q-011-04 | 00"57™04.76° | -27°39'09.0” | 0.6294 3 X
30 | GS-2012B-Q-011-04 | 00"57™03.46° | -27°39'29.6" | 0.4123 3 X
31 GS-2012B-Q-011-04 | 00"57™02.17% | -27°40'29.0” | 0.5574 3 X V
32 | GS-2012B-Q-011-04 | 00"57™02.74° | -27°40'15.3" | 0.5614 3 X V
33 GS-2012B-Q-011-04 | 00"57™01.02° | -27°39’31.7" | 0.3893 3 X
35 GS-2012B-Q-011-04 | 00%57™02.94° | -27°40'29.7" | 0.5614 3 X v

Continued on next page
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Table A.23 — continued from previous page
| ID | Mask | RA (J2000) | Dec (J2000) | =z | Quality | Identification | Member |

Table A.23: XMMXCSJ005656.6-274031.9: Column 1 gives an ID for each galaxy in the mask given in column 2. Column 3
and 4 give the right ascension and declination respectively. Column 5 gives the redshift, column 6 gives the quality of the redshift
according to the following scheme: () = 3 corresponds to two or more strongly detected features; () = 2 refers to one strongly
detected or two weakly detected features; () = 1 one weakly detected feature and () = 0 when no features could be identified.
Column 7 shows whether the redshift was found via visible inspection (V) or cross-correlation (X). Column 8 shows whether or
not the galaxy was classified as a member and used in the calculation of the velocity dispersion.
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ID Mask RA (J2000) | Dec (J2000) z Quality | Identification | Member
1 Nastasi et al.|(2014) | 01"52™41.30° | -13°38'55.0” | 0.8307 2 V
3 Nastasi et al.|(2014) | 01752™41.11° | -13°39'07.9” | 0.8303 3 V
4 Nastasi et al.|(2014) | 01752™42.71° | -13°38'59.1" | 0.8261 4 V
5 Nastasi et al.|(2014) | 01"52™39.41° | -13°38'55.8” | 0.8233 3 V
6 Nastasi et al.|(2014) | 01752™40.70° | -13°39/21.0” | 0.8261 2
7 Nastasi et al.|(2014) | 01"52™40.21° | -13°3924.1” | 0.8307 3 V
8 Nastasi et al.|(2014) | 01"52™43.20° | -13°38/29.5" | 0.8268 3 V
9 Nastasi et al.|(2014) | 01"52™35.81° | -13°39’15.0” | 0.8326 2 V
11 Nastasi et al.|(2014) | 01"52™47.21° | -13°38'00.1” | 0.8256 3 V
13 Nastasi et al.|(2014) | 01"52™37.01° | -13°40'15.0” | 0.8324 2 V
14 Nastasi et al.|(2014) | 01752™36.00° | -13°40'15.9” | 0.8295 3 V
15 Nastasi et al.|(2014) | 01"52™32.90° | -13°40°01.9” | 0.8279 3 V
1 GS-2011B-Q-050-01 | 01752™47.02° | -13°41'18.3" | 0.3772 2 X
2 GS-2011B-Q-050-01 | 01752™50.28° | -13°39'20.2" | 0.8277 3 X
7 GS-2011B-Q-050-01 | 01752™46.56° | -13°39'37.1" | 0.6377 2 X
9 GS-2011B-Q-050-01 | 01752™41.85% | -13°40'19.6” | 0.8149 2 X V
11 GS-2011B-Q-050-01 | 01752™42.62° | -13°39'50.4"” | 0.6160 2 X
12 | GS-2011B-Q-050-01 | 01"52™40.75° | -13°39'20.9” | 0.8250 3 X V
13 GS-2011B-Q-050-01 | 01"52™41.35% | -13°38'56.1” | 0.8290 3 X V
14 | GS-2011B-Q-050-01 | 01"52m38.16° | -13°38'54.3" | 0.2460 3 X
15 GS-2011B-Q-050-01 | 01752™45.36° | -13°38/38.5” | 0.3533 3 X
19 | GS-2011B-Q-050-01 | 01"52™38.81° | -13°38/28.0” | 0.8211 3 X V
20 | GS-2011B-Q-050-01 | 01"52™45.02° | -13°39'26.0" | 0.2756 3 X
23 GS-2011B-Q-050-01 | 01"52™m39.425 | -13°38'02.8" | 0.8211 2 X V
25 GS-2011B-Q-050-01 | 01752™m33.99% | -13°38/48.2" | 0.7724 3 X
28 GS-2011B-Q-050-01 | 01752™33.31% | -13°38/45.3" | 0.6357 3 X
29 | GS-2011B-Q-050-01 | 01%52™32.11° | -13°38/28.7"” | 0.6345 3 X
30 | GS-2011B-Q-050-01 | 01"52m34.76° | -13°37/58.5" | 0.3948 3 X
32 | GS-2011B-Q-050-01 | 01"52™m32.62° | -13°37'44.1" | 0.4942 2 X

Continued on next page
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Table A.24 — continued from previous page

ID Mask RA (J2000) | Dec (J2000) z Quality | Identification | Member
4 GS-2011B-Q-050-02 | 01"52™50.28° | -13°39/20.2” | 0.8276 2 X V
6 GS-2011B-Q-050-02 | 01752™44.86° | -13°40'14.2" | 0.4947 2 A"
8 GS-2011B-Q-050-02 | 01752™48.15° | -13°38'53.9” | 0.7398 2 X
9 GS-2011B-Q-050-02 | 01"52™41.65° | -13°39’42.5” | 0.5290 3 X
10 | GS-2011B-Q-050-02 | 01"52™39.98% | -13°39/22.4" | 0.8294 3 X V
11 GS-2011B-Q-050-02 | 01752™45.13° | -13°39'09.0” | 0.8313 2 X V
16 | GS-2011B-Q-050-02 | 01"52m44.84° | -13°38/24.8” | 0.5340 2 X
17 GS-2011B-Q-050-02 | 01"52™43.17° | -13°38/29.5” | 0.8258 3 X
19 | GS-2011B-Q-050-02 | 01"52™38.37¢ | -13°39/22.7" | 0.8290 2 X V
21 GS-2011B-Q-050-02 | 0152™40.24% | -13°3900.4” | 0.8193 3 X V
22 | GS-2011B-Q-050-02 | 01752™37.62° | -13°38/30.5” | 0.8202 2 X V
23 GS-2011B-Q-050-02 | 01"52™m38.75% | -13°38/24.1” | 0.2813 3 X
26 | GS-2011B-Q-050-02 | 01"52™36.40° | -13°36/50.5" | 0.7283 3 X
28 GS-2011B-Q-050-02 | 01752™32.62° | -13°37'44.1" | 0.4941 2 X
31 GS-2011B-Q-050-02 | 01752™36.01° | -13°37'45.2" | 0.7848 2 X
32 | GS-2011B-Q-050-02 | 01"52™37.42% | -13°37'45.5" | 0.7858 2 X
5606 KECK 01"52m44.13% | -13°34’11.9” | 0.8140
5612 KECK 01"52m44.19° | -13°34/49.9” | 0.8209
5638 KECK 01"52m42.02% | -13°38'40.8" | 0.8300 V
5655 KECK 01"52m43.40° | -13°38/24.1” | 0.8348 V
5688 KECK 01"52m42.88% | -13°38/25.1" | 0.8300 V
5853 KECK 01"52m40.42° | -13°38'20.7" | 0.8297 V
5900 KECK 01"52m39.78% | -13°38'44.0" | 0.8222 V
5909 KECK 01"52m39.15% | -13°40/35.3" | 0.8213 V
5922 KECK 01"52™39.52% | -13°39'50.9” | 0.8211 V

Table A.24: XMMXCSJ015241.1-133855.9: All columns are as explained in Table
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ID Mask RA (J2000) | Dec (J2000) z Quality | Identification | Member
2 GS-2012B-Q-011-06 | 02"17™30.50° | -05°11'31.4" | 0.5674 3 X

3 GS-2012B-Q-011-06 | 02"17™28.40° | -05°12'03.6” | 0.9216 3 X

6 GS-2012B-Q-011-06 | 02"17™27.60° | -05°13'60.0” | 0.6424 3 X V
8 GS-2012B-Q-011-06 | 02M17™34.35% | -05°12/43.8" | 0.6474 3 X V
10 | GS-2012B-Q-011-06 | 02"17™33.72% | -05°12/51.6" | 0.6408 3 X V
11 GS-2012B-Q-011-06 | 02"17™35.84° | -05°12/58.9” | 0.8246 3 X

12 | GS-2012B-Q-011-06 | 02"17™30.52° | -05°13/21.4" | 0.8336 2 X

13 GS-2012B-Q-011-06 | 0217™35.79% | -05°14'20.1" | 0.6454 3 X V
15 GS-2012B-Q-011-06 | 02"17™32.55% | -05°12/59.2" | 0.6414 3 X V
16 | GS-2012B-Q-011-06 | 02"17™33.02°% | -05°13/13.4" | 0.6494 3 A" V
17 GS-2012B-Q-011-06 | 02217™34.18% | -05°13'38.8" | 0.4443 3 X

18 GS-2012B-Q-011-06 | 02"17™34.97° | -05°13/28.6" | 0.6494 3 X V
19 | GS-2012B-Q-011-06 | 02"17™35.92% | -05°13/28.8" | 1.0958 3 X

20 | GS-2012B-Q-011-06 | 02"17™41.81° | -05°11/32.9" | 0.4963 3 X

22 | GS-2012B-Q-011-06 | 02"17™38.72° | -05°13/00.8" | 0.6484 3 X V
23 GS-2012B-Q-011-06 | 02"17™39.37% | -05°13'32.3" | 0.7515 3 X

24 | GS-2012B-Q-011-06 | 02"17™37.16° | -05°1329.0” | 0.6444 3 X V
25 GS-2012B-Q-011-06 | 02"17™38.01° | -05°13'09.3" | 0.6494 3 X V
26 | GS-2012B-Q-011-06 | 02"17™40.15°% | -05°1313.4" | 0.7445 3 X

27 GS-2012B-Q-011-06 | 02"17™43.39% | -05°12/32.3" | 0.6504 2 \" V
28 GS-2012B-Q-011-06 | 02217™42.49% | -05°12/52.5" | 0.4893 3 X

29 | GS-2012B-Q-011-06 | 02"17™41.00° | -05°14'03.2” | 0.6805 3 X

30 | GS-2012B-Q-011-06 | 02"17™44.89°% | -05°12/58.0" | 0.4233 3 X

31 GS-2012B-Q-011-06 | 02"17™45.25% | -05°13’11.1” | 0.2892 3 X

32 | GS-2012B-Q-011-06 | 02"17™43.79° | -05°13/47.5" | 0.6484 3 \" V
33 GS-2012B-Q-011-06 | 02"17™46.73% | -05°13/34.3" | 0.6454 3 \Y

34 | GS-2012B-Q-011-06 | 02"17™46.01° | -05°13'32.0” | 0.5804 3 X

Table A.25: XMMXCSJ021734.7-051326.9: All columns are as explained in Table
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ID Mask RA (J2000) | Dec (J2000) z Quality | Identification | Member

1 GS-2010B-Q-46-06 | 02"50m22.92° | -31°03’53.0” | 0.8337 3 X

8 GS-2010B-Q-46-06 | 02"50™15.25° | -31°03/33.5" | 0.7263 3 X

9 GS-2010B-Q-46-06 | 02"50™13.27% | -31°03/35.7" | 0.6168 3 X

10 GS-2010B-Q-46-06 | 02"50™12.05° | -31°03/08.0" | 0.7146 3 X

14 GS-2010B-Q-46-06 | 02"50™06.63% | -31°03/13.7" | 0.8496 3 X

15 GS-2010B-Q-46-06 | 02"50™08.70° | -31°03/49.7” | 0.9052 3 X V
16 GS-2010B-Q-46-06 | 02"50™03.78° | -31°03/51.5" | 0.3533 3 X

17 GS-2010B-Q-46-06 | 02"50™06.89° | -31°03'51.5" | 0.9217 3 X V
18 GS-2010B-Q-46-06 | 02"50™05.48° | -31°03/53.0" | 0.6972 3 X

19 GS-2010B-Q-46-06 | 02"50™04.50° | -31°03/51.5" | 0.9149 3 X V
21 GS-2010B-Q-46-06 | 02"50™02.79° | -31°04'04.9” | 0.9831 3 X
22 GS-2010B-Q-46-06 | 02"50™06.48° | -31°03’56.9” | 0.9069 3 X V
23 GS-2010B-Q-46-06 | 02"50™09.04° | -31°04'06.3" | 0.7567 3 X
25 GS-2010B-Q-46-06 | 02"50™03.83% | -31°04/34.0” | 0.8988 3 X V
26 GS-2010B-Q-46-06 | 02"50™04.24% | -31°04/50.6" | 0.9095 3 X V
28 GS-2010B-Q-46-06 | 02"50™04.59° | -31°05'41.7" | 0.6197 3 X
34 GS-2010B-Q-46-06 | 02"'50™04.26° | -31°07'05.2" | 0.1261 3 X

1 GS-2012B-Q-011-09 | 02"50™22.92° | -31°03'53.0” | 0.5924 2 X

2 GS-2012B-Q-011-09 | 02"50™18.11° | -31°03’10.5” | 0.9326 2 X

4 GS-2012B-Q-011-09 | 02"50™16.05° | -31°03'23.1” | 1.0077 2 X

5 GS-2012B-Q-011-09 | 02"50™14.89% | -31°03'32.1” | 0.7245 3 X

6 GS-2012B-Q-011-09 | 02"50™14.94° | -31°02/56.8" | 0.9927 2 X

9 GS-2012B-Q-011-09 | 02"50™08.98° | -31°03’01.1” | 0.9086 3 X V
10 | GS-2012B-Q-011-09 | 02"50™10.24° | -31°03/27.8" | 0.9056 3 X V
11 GS-2012B-Q-011-09 | 02"50™07.01° | -31°01700.9” | 0.5204 3 X

13 GS-2012B-Q-011-09 | 02"50™06.54° | -31°03'44.7" | 0.9126 3 X V
17 | GS-2012B-Q-011-09 | 02"50™03.99° | -31°03/53.0” | 0.9176 3 X v
18 GS-2012B-Q-011-09 | 02750™07.33° | -31°04'10.6” | 0.9106 3 X V
19 | GS-2012B-Q-011-09 | 02"50™02.67° | -31°03/26.0"” | 0.9797 3 X

Continued on next page
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Table A.26 — continued from previous page

ID Mask RA (J2000) | Dec (J2000) z Quality | Identification | Member
20 | GS-2012B-Q-011-09 | 02"50™07.38° | -31°05'28.7" | 0.6494 2 X

21 GS-2012B-Q-011-09 | 02"49™58.10° | -31°03'39.6” | 0.8696 3 X V

22 | GS-2012B-Q-011-09 | 02"50™05.48° | -31°04'40.5" | 0.9026 2 X

27 GS-2012B-Q-011-09 | 02"49™58.68° | -31°05'25.8" | 0.6274 3 X

28 GS-2012B-Q-011-09 | 02749™59.99° | -31°05'07.8” | 0.8816 2 X

29 | GS-2012B-Q-011-09 | 02P49™58.60° | -31°04/59.2" | 0.9216 3 X V

30 | GS-2012B-Q-011-09 | 02"50™00.51% | -31°04'44.5" | 0.5654 3 X

31 GS-2012B-Q-011-09 | 02"50™04.26° | -31°07'05.2" | 0.9827 3 X

Table A.26: XMMXCSJ025006.4-310400.8: All columns are as explained in Table
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ID Mask RA (J2000) | Dec (J2000) z Quality | Identification | Member

1 GS-2011B-Q-050-03 | 03"02™13.84° | -00°00'41.6” | 0.4988 3 X

7 GS-2011B-Q-050-03 | 03702™13.04° | 00°00'41.5” | 0.5958 3 X

9 GS-2011B-Q-050-03 | 03"02™06.74° | -00°00'06.1” | 0.6432 3 X V
11 GS-2011B-Q-050-03 | 03"02™07.86° | 00°00'21.2" | 0.6425 3 X V
12 | GS-2011B-Q-050-03 | 03"02™06.20° | -00°00'04.0” | 0.6451 3 X V
13 GS-2011B-Q-050-03 | 03"02™08.78° | 00°00'39.9” | 0.6486 3 X V
15 GS-2011B-Q-050-03 | 03"02™05.64° | -00°00'00.5” | 0.6452 3 X V
17 | GS-2011B-Q-050-03 | 03"02™02.94° | -00°00'53.1” | 0.6503 3 X V
19 | GS-2011B-Q-050-03 | 03"02™04.94° | -00°00'33.0” | 0.6477 2 X V
21 GS-2011B-Q-050-03 | 03202™02.12° | 00°00'04.2" | 0.6368 3 X V
22 | GS-2011B-Q-050-03 | 03"02™00.91° | -00°00'53.0” | 0.4075 3 X
23 GS-2011B-Q-050-03 | 0302™00.40° | -00°00'49.9” | 0.6482 2 X V
25 GS-2011B-Q-050-03 | 03"01™59.56° | 00°00'31.0” | 0.4688 2 X
28 GS-2011B-Q-050-03 | 03"01™56.38° | 00°00'59.2" | 0.4070 2 X
31 GS-2011B-Q-050-03 | 03"01™55.80° | -00°00'20.3” | 0.7886 3 X

5 GS-2011B-Q-050-04 | 03702™11.53% | 00°00'46.1" | 0.4094 2 X

9 GS-2011B-Q-050-04 | 03"02™09.28° | -00°01'04.8” | 0.6700 3 X

11 GS-2011B-Q-050-04 | 03"02™04.69% | -00°00'32.1" | 0.6435 2 X V
14 | GS-2011B-Q-050-04 | 03"02™08.70° | 00°01'05.4" | 0.6450 2 X V
15 GS-2011B-Q-050-04 | 03"02™07.94° | 00°00'30.1” | 0.4770 3 X

16 | GS-2011B-Q-050-04 | 03"02™05.73* | 00°00'02.0” | 0.6390 2 X V
17 | GS-2011B-Q-050-04 | 03"02™05.26° | 00°00'09.0” | 0.6454 2 X V
18 GS-2011B-Q-050-04 | 0302™06.46° | 00°00'00.8" | 0.6457 2 X V
23 GS-2011B-Q-050-04 | 03"02™00.18° | -00°00'40.1” | 0.4694 2 X
24 | GS-2011B-Q-050-04 | 03"02™00.65° | 00°00'21.3” | 0.4051 3 X
27 GS-2011B-Q-050-04 | 03"01™57.71° | -00°00'34.4" | 0.4944 2 X
29 | GS-2011B-Q-050-04 | 03"01™56.13% | -00°0020.8"” | 0.7888 3 X
30 | GS-2011B-Q-050-04 | 03"01™56.63° | 00°00'47.0” | 0.9857 3 X

17 | GS-2011B-Q-050-05 | 03"02™06.06° | -00°00'53.1” | 0.6431 2 X V

Continued on next page
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Table A.27 — continued from previous page

ID Mask RA (J2000) | Dec (J2000) z Quality | Identification | Member
18 GS-2011B-Q-050-05 | 03"02™02.64° | -00°00'47.7" | 0.6609 2 X

20 | GS-2011B-Q-050-05 | 03"02™04.82°% | -00°00'43.3" | 0.6477 2 X V

21 GS-2011B-Q-050-05 | 03202™06.50° | -00°00'27.7" | 0.4945 2 X

26 | GS-2011B-Q-050-05 | 03"01™59.29% | 00°00'43.5” | 0.4070 3 X

27 | GS-2011B-Q-050-05 | 03"02™00.34° | 00°00'36.2" | 0.4072 3 X

28 GS-2011B-Q-050-05 | 03"01™57.26° | -00°00'31.2" | 0.5948 3 X

Table A.27: XMMXCSJ030205.1-000003.6: All columns are as explained in Table
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ID Mask RA (J2000) | Dec (J2000) z Quality | Identification | Member
2 GS-2010B-Q-046-01 | 09"59™41.78% | 02°3339.1” | 0.6964 3 X
3 GS-2010B-Q-046-01 | 09"59™34.475 | 02°33'47.0” | 0.6766 3 X
4 GS-2010B-Q-046-01 | 09"59™43.01° | 02°32/32.0” | 0.6963 3 X
5 GS-2010B-Q-046-01 | 09"59™42.91% | 02°31’49.7" | 0.7268 3 X vV
7 GS-2010B-Q-046-01 | 09"59™39.41% | 02°33'00.1” | 0.4701 3 X
8 GS-2010B-Q-046-01 | 09"59™39.35% | 02°32/39.2" | 0.6778 3 X
9 GS-2010B-Q-046-01 | 09"59™38.13% | 02°32'11.0” | 0.7296 3 X Vv
10 GS-2010B-Q-046-01 | 09"59™39.295 | 02°32'04.1” | 0.7317 3 X Vv
11 GS-2010B-Q-046-01 | 09"59™35.47% | 02°31’56.0” | 0.3317 3 X
15 GS-2010B-Q-046-01 | 09"59™43.71% | 02°3101.9” | 0.2455 3 X
16 GS-2010B-Q-046-01 | 09"59™43.04° | 02°31’08.7” | 0.7314 3 X V
17 GS-2010B-Q-046-01 | 09"59™42.96° | 02°31'16.7" | 0.7285 3 X Vv
18 GS-2010B-Q-046-01 | 09"59™40.88° | 02°30'34.2” | 0.8369 3 X
20 GS-2010B-Q-046-01 | 09"59™40.58% | 02°31’41.2" | 0.7248 3 X vV
21 GS-2010B-Q-046-01 | 09"59™41.64° | 02°3129.9” | 0.7307 3 X vV
23 GS-2010B-Q-046-01 | 09"59™40.98°% | 02°30'40.5” | 0.8360 3 X
24 GS-2010B-Q-046-01 | 09"59™40.40° | 02°30'54.6"” | 0.7169 3 X
25 GS-2010B-Q-046-01 | 09"59™44.35°% | 02°29'54.1" | 0.7303 3 X Vv
27 GS-2010B-Q-046-01 | 09"59™41.46° | 02°30'18.2” | 0.8352 3 X
28 GS-2010B-Q-046-01 | 09"59™41.05°% | 02°30'09.9” | 0.7156 3 X
30 GS-2010B-Q-046-01 | 09"59™35.91% | 02°29'13.4” | 0.7149 3 X
35 GS-2010B-Q-046-01 | 09"59™40.98° | 02°28'49.6” | 0.4095 3 X
6 GS-2012A-Q-046-01 | 09"59™38.44° | 02°33'13.9” | 0.6603 2 X
7 GS-2012A-Q-046-01 | 09"59™38.89° | 02°33'05.6” | 0.7531 2 X
8 GS-2012A-Q-046-01 | 09"59™43.03° | 02°32/00.1” | 0.7259 2 X vV
9 GS-2012A-Q-046-01 | 09"59™42.42° | 02°32/09.3" | 0.7289 3 X vV
10 | GS-2012A-Q-046-01 | 09"59™42.27% | 02°31/34.6” | 0.7265 2 X vV
13 GS-2012A-Q-046-01 | 09"59™39.70° | 02°31'19.0” | 0.7286 3 X Vv
14 | GS-2012A-Q-046-01 | 09"59™42.19% | 02°32/36.8” | 0.8893 3 X

Continued on next page
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Table A.28 — continued from previous page

ID Mask RA (J2000) | Dec (J2000) z Quality | Identification | Member
16 | GS-2012A-Q-046-01 | 09"59™41.79% | 02°32/18.2" | 0.5489 3 X

17 GS-2012A-Q-046-01 | 09"59™40.25% | 02°31'10.9” | 0.7332 3 X Vv
18 GS-2012A-Q-046-01 | 09"59™41.14° | 02°31'25.8" | 0.7290 3 X vV
19 GS-2012A-Q-046-01 | 09"59™42.36° | 02°30'45.3" | 0.7270 3 X V
20 | GS-2012A-Q-046-01 | 09"59™38.94°% | 02°30/59.6” | 0.7271 3 X v
21 GS-2012A-Q-046-01 | 09"59™39.66° | 02°30'52.1” | 0.7186 3 X Vv
23 GS-2012A-Q-046-01 | 09"59™43.95% | 02°29'52.3" | 0.7294 3 X Vv
25 GS-2012A-Q-046-01 | 09"59™40.35% | 02°30'19.2" | 0.4748 2 X
26 | GS-2012A-Q-046-01 | 09"59™40.97° | 02°29'58.6” | 0.7309 3 X vV
29 GS-2012A-Q-046-01 | 09"59™40.95% | 02°29'16.9” | 0.4053 3 X
33 GS-2012A-Q-046-01 | 09"59™38.40° | 02°28'40.2" | 0.7542 3 X
35 GS-2012A-Q-046-01 | 09"59™40.88° | 02°28'46.8" | 0.2494 3 X

1 GS-2012A-Q-046-02 | 09"59™46.92°% | 02°33'46.3" | 0.6901 2 X

5 GS-2012A-Q-046-02 | 09"59™43.78°% | 02°31'54.5" | 0.4687 3 X

8 GS-2012A-Q-046-02 | 09"59™40.81° | 02°31'34.3" | 0.7286 3 X v
11 GS-2012A-Q-046-02 | 09"59™39.41° | 02°33/00.1” | 0.4703 3 X

12 | GS-2012A-Q-046-02 | 09"59™38.57° | 02°33'06.8" | 0.7515 3 X

15 GS-2012A-Q-046-02 | 09"59™39.41% | 02°32/20.4" | 1.1040 3 X

16 | GS-2012A-Q-046-02 | 09"59™38.58°% | 02°32'12.6” | 0.4419 3 X

19 GS-2012A-Q-046-02 | 09"59™40.65°% | 02°31'15.9” | 0.7295 3 X v
20 | GS-2012A-Q-046-02 | 09"59™39.45°% | 02°30'38.5” | 0.7242 3 X v
23 GS-2012A-Q-046-02 | 09"59™42.80° | 02°30/08.8" | 0.7248 3 X Vv
25 GS-2012A-Q-046-02 | 09"59™38.38°% | 02°30'16.4" | 0.7295 3 X Vv
26 | GS-2012A-Q-046-02 | 09"59™40.52° | 02°30'02.4" | 0.7308 3 X vV
31 GS-2012A-Q-046-02 | 09"59™40.67% | 02°29/32.9” | 0.9603 2 X
33 GS-2012A-Q-046-02 | 09"59™39.64° | 02°28'37.8" | 0.2489 3 X
34 | GS-2012A-Q-046-02 | 09"59™40.88° | 02°28'46.8" | 0.2495 3 X

Table A.28: XMMXCSJ095940.7+023113.4: All columns are as explained in Table
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ID Mask RA (J2000) | Dec (J2000) z Quality | Identification | Member
2 GS-2010B-Q-046-03 | 11"24™00.44°% | 05°27'13.8" | 0.4726 3 X
4 GS-2010B-Q-046-03 | 11"24™00.65° | 05°27'42.1" | 0.3752 3 X
5 GS-2010B-Q-046-03 | 11724™00.16° | 05°27/43.0" | 0.1554 3 X
6 GS-2010B-Q-046-03 | 1124™02.58% | 05°28'43.8" | 0.3942 3 X
11 GS-2010B-Q-046-03 | 11"23™58.50° | 05°28/10.8” | 0.6544 3 X
12 | GS-2010B-Q-046-03 | 11"23™59.15° | 05°28'07.0" | 0.5945 3 X
13 GS-2010B-Q-046-03 | 11"23™57.11% | 05°28'34.9” | 0.6514 3 X vV
14 | GS-2010B-Q-046-03 | 11"23™56.49° | 05°29'01.0"” | 0.6567 3 X v
15 GS-2010B-Q-046-03 | 11"23™59.97% | 05°29'13.0” | 0.3750 3 X
16 | GS-2010B-Q-046-03 | 11"23™48.65° | 05°28'09.0” | 0.5299 3 X
17 GS-2010B-Q-046-03 | 11"23™51.43% | 05°28'49.7" | 0.6569 3 X V
18 GS-2010B-Q-046-03 | 11723™m52.17° | 05°28'51.5" | 0.6557 3 X vV
19 | GS-2010B-Q-046-03 | 11"23™50.28° | 05°29'13.9” | 0.6557 3 X v
21 GS-2010B-Q-046-03 | 11"23™50.49% | 05°29'32.2" | 0.6551 3 X v/
25 GS-2010B-Q-046-03 | 11"23™m53.46° | 05°29'04.3" | 0.3747 3 X
26 | GS-2010B-Q-046-03 | 11"23™50.06° | 05°29’35.8" | 0.6591 3 X V
27 GS-2010B-Q-046-03 | 11"23™m43.65° | 05°28'04.6" | 0.6552 3 X vV
28 GS-2010B-Q-046-03 | 11"23™m48.89% | 05°29'36.5” | 0.6478 3 X v/
30 | GS-2010B-Q-046-03 | 11"23™m46.52% | 05°29'52.2" | 0.5826 3 X
31 GS-2010B-Q-046-03 | 11"23™m46.33% | 05°30'09.1” | 0.6543 3 X v/
32 | GS-2010B-Q-046-03 | 11"23™47.45°% | 05°29'57.6" | 0.6389 3 X
33 GS-2010B-Q-046-03 | 11"23™m47.88% | 05°29'54.6" | 0.6496 3 X V
2 GS2012AQ046-05 | 11723™m59.56° | 05°26/58.8"” | 0.4146 3 X
7 GS2012AQ046-05 | 11P23™m52.84% | 05°27'18.3" | 0.6487 3 X
14 GS2012AQ046-05 | 11"23™56.35° | 05°29'01.0” | 0.2713 2 X
15 GS2012AQ046-05 | 11723™m55.48% | 05°29'02.5” | 0.6603 2 X V
16 GS2012AQ046-05 | 11724™00.33% | 05°29'21.8"” | 0.6559 2 X
19 GS2012AQ046-05 | 11"23™m49.80° | 05°28'47.3" | 0.6551 2 X V
20 GS2012AQ046-05 | 11723™m52.23% | 05°28'33.8"” | 0.2704 2 X

Continued on next page
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Table A.29 — continued from previous page

ID Mask RA (J2000) | Dec (J2000) z Quality | Identification | Member
23 GS2012AQ046-05 | 11M23™m49.77% | 05°29'29.6" | 0.6173 2 X
26 GS2012AQ046-05 | 11723™m53.92% | 05°28'49.5"” | 0.6550 3 X V
32 GS2012AQ046-05 | 11723™48.09° | 05°30'40.6” | 0.2154 3 X
3 GS2012AQ046-06 | 1124™00.02° | 05°27/32.8" | 0.4144 3 X
6 GS2012AQ046-06 | 11723™59.87% | 05°27/53.9” | 0.4714 3 X
12 GS2012AQ046-06 | 11"23™59.15% | 05°28'07.0" | 0.5944 2 X vV
13 GS2012AQ046-06 | 11723™m57.44% | 05°29'05.2"” | 0.6511 3 X
14 GS2012AQ046-06 | 11P24™01.00° | 05°29'07.5" | 0.3749 3 X
15 GS2012AQ046-06 | 11P23™50.31° | 05°28'06.3" | 0.6129 3 X
17 GS2012AQ046-06 | 11P23™51.87° | 05°28/25.8"” | 0.5517 3 X
18 GS2012AQ046-06 | 11"23™50.07°% | 05°29'00.3” | 0.6378 3 X
19 GS2012AQ046-06 | 11723™m52.14% | 05°28'56.7" | 0.6515 3 X v
20 GS2012AQ046-06 | 11723™m54.84% | 05°29'04.5” | 0.6381 3 X
23 GS2012AQ046-06 | 11723™55.15% | 05°30'28.9” | 0.3745 3 X
27 GS2012AQ046-06 | 11P23™48.05° | 05°29'40.3"” | 0.8828 3 X
28 GS2012AQ046-06 | 11"23™51.48°% | 05°30'27.4" | 0.4231 3 X
30 GS2012AQ046-06 | 11723m45.31° | 05°29'57.0" | 0.5678 2 X
32 GS2012AQ046-06 | 11723™m49.50° | 05°30'51.6” | 0.6562 3 X vV

Table A.29: XMMXCSJ112349.4+052955.1: All columns are as explained in Table

61



ID Mask RA (J2000) | Dec (J2000) z Quality | Identification | Member
3 GS-2012A-Q-046-07 | 11"35™58.38% | -03°31’15.8” | 1.0306 3 X
5 GS-2012A-Q-046-07 | 11"35™59.26° | -03°31/33.9” | 0.8323 3 X Vv
6 GS-2012A-Q-046-07 | 11"35™59.51° | -03°32/04.2" | 0.8353 3 X
8 GS-2012A-Q-046-07 | 11"36™01.95°% | -03°31/10.1” | 0.8255 3 X
9 GS-2012A-Q-046-07 | 11"36™02.76° | -03°31/04.6" | 0.8841 3 X
11 GS-2012A-Q-046-07 | 11"36™01.15° | -03°29'33.8" | 0.8215 3 X V
12 | GS-2012A-Q-046-07 | 11"36™04.68° | -03°30/39.0" | 0.8266 3 X Vv
13 GS-2012A-Q-046-07 | 11"36™04.36° | -03°30'17.7" | 0.8265 3 X Vv
14 | GS-2012A-Q-046-07 | 11"36™03.15° | -03°30°00.7” | 0.8339 3 X V
15 GS-2012A-Q-046-07 | 11"36™04.33% | -03°30'30.7" | 0.8332 3 X V
16 | GS-2012A-Q-046-07 | 11"36™06.69° | -03°30'14.3" | 0.7021 3 X
17 GS-2012A-Q-046-07 | 11"36™04.13% | -03°29'47.9" | 0.8253 3 X V
18 GS-2012A-Q-046-07 | 11"36™03.74% | -03°29'54.7" | 0.8314 3 X Vv
20 | GS-2012A-Q-046-07 | 11"36™00.34° | -03°29/20.0” | 0.8250 3 X V
21 GS-2012A-Q-046-07 | 11"36™01.38° | -03°28/56.4" | 0.9718 2 X
22 | GS-2012A-Q-046-07 | 11"36™01.43% | -03°29’11.3" | 0.8254 3 X vV
23 GS-2012A-Q-046-07 | 11"36™10.03% | -03°29'19.2" | 0.6508 3 X
24 | GS-2012A-Q-046-07 | 11"36™09.58% | -03°29’05.1” | 0.6502 3 X
25 GS-2012A-Q-046-07 | 11"36™05.87° | -03°28/39.5" | 0.8265 3 X
26 | GS-2012A-Q-046-07 | 11"36™04.83° | -03°28'22.6” | 0.8831 3 X
28 GS-2012A-Q-046-07 | 11"36™03.95° | -03°27/59.7" | 0.8307 3 X V
34 | GS-2012A-Q-046-07 | 11"36™02.55% | -03°27'08.5" | 0.6434 3 X
36 | GS-2012A-Q-046-07 | 1136™04.01° | -03°27'32.0” | 0.8370 3 X Vv
9 GS-2012A-Q-046-08 | 11"36™04.48° | -03°31/58.9” | 0.5370 2 X
11 GS-2012A-Q-046-08 | 11"35™58.58° | -03°29/58.4" | 0.2058 3 X
12 | GS-2012A-Q-046-08 | 11"36™00.27° | -03°30'31.0” | 0.7022 3 X
13 GS-2012A-Q-046-08 | 11"36™03.65° | -03°29/52.4" | 0.8328 3 \Y V
15 GS-2012A-Q-046-08 | 11"36™02.47° | -03°29'25.7" | 0.6884 2 X
16 | GS-2012A-Q-046-08 | 11"36™05.41° | -03°2938.6" | 0.8298 3 X Vv

Continued on next page
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Table A.30 — continued from previous page

ID Mask RA (J2000) | Dec (J2000) z Quality | Identification | Member
17 GS-2012A-Q-046-08 | 11"36™04.64° | -03°30'23.3" | 0.8242 3 X Vv

18 GS-2012A-Q-046-08 | 11"36™06.05° | -03°30'18.4" | 0.8296 3 X Vv

19 | GS-2012A-Q-046-08 | 11"36™02.55° | -03°29/58.6" | 0.8307 3 X V

20 | GS-2012A-Q-046-08 | 11"36™02.67° | -03°29'40.5" | 0.8274 3 X V

22 | GS-2012A-Q-046-08 | 11"36™03.71° | -03°29'10.8" | 0.4067 2 X

24 | GS-2012A-Q-046-08 | 11"36™04.25% | -03°29'18.3" | 0.8357 3 X vV

30 | GS-2012A-Q-046-08 | 11"36™04.70° | -03°28'14.5" | 0.1869 3 X

Table A.30: XMMXCSJ113602.9-032943.2: All columns are as explained in Table
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ID Mask RA (J2000) | Dec (J2000) z Quality | Identification | Member
4 GS-2012A-Q-046-10 | 13"42™58.07° | -00°02'43.9” | 0.8343 3 X
5 GS-2012A-Q-046-10 | 13"42m59.51% | 00°00'08.0” | 0.6925 3 X Vv
6 GS-2012A-Q-046-10 | 13"42m56.97% | -00°00'47.4" | 0.4383 3 X
7 GS-2012A-Q-046-10 | 13"42m58.82° | -00°00'53.6" | 0.8342 3 X
8 GS-2012A-Q-046-10 | 13"43™02.03% | -00°01'17.4" | 0.6829 3 X V
9 GS-2012A-Q-046-10 | 13"42™59.93% | -00°01'20.0” | 0.5510 3 X
10 | GS-2012A-Q-046-10 | 13"43™01.63% | -00°01’41.7" | 0.6833 3 X Vv
11 GS-2012A-Q-046-10 | 13"42m59.07° | -00°01'45.5" | 0.4123 3 X
12 | GS-2012A-Q-046-10 | 13"42™59.26° | -00°01'33.3" | 0.6865 3 X V
13 GS-2012A-Q-046-10 | 13"43™00.57° | -00°01'23.8" | 0.6962 3 X V
15 GS-2012A-Q-046-10 | 13"43™02.82° | -00°00'28.3" | 0.6956 3 X V
17 GS-2012A-Q-046-10 | 13"43™04.11° | -00°01’50.1” | 0.6896 3 X V
18 GS-2012A-Q-046-10 | 13"43m04.57°% | -00°00'56.4" | 0.6912 3 X Vv
19 | GS-2012A-Q-046-10 | 13"43™02.71% | -00°01’13.1” | 0.6913 3 X V
21 GS-2012A-Q-046-10 | 13"43™04.00° | -00°00'55.2" | 0.6849 3 X V
23 GS-2012A-Q-046-10 | 13"43™09.21% | 00°00'23.1” | 0.6152 3 X
24 | GS-2012A-Q-046-10 | 13"43™06.79° | 00°00'09.5” | 0.3847 2 X
26 | GS-2012A-Q-046-10 | 13"43™08.82% | -00°00'04.8" | 0.7017 2 X
27 GS-2012A-Q-046-10 | 13"43™09.97°% | -00°01'11.0” | 0.6906 3 X V
28 GS-2012A-Q-046-10 | 13"43m07.82°% | -00°00'51.4" | 0.6911 3 X V
29 | GS-2012A-Q-046-10 | 13743™08.21° | -00°00'30.5” | 0.6958 3 X V
30 | GS-2012A-Q-046-10 | 13"43™10.30° | 00°00'35.0” | 0.6847 3 X vV
31 GS-2012A-Q-046-10 | 13"43™09.80° | 00°00'25.8" | 0.5491 3 X
34 | GS-2012A-Q-046-10 | 13743™12.93% | 00°00'20.8"” | 0.2190 2 X
35 GS-2012A-Q-046-10 | 13"43™13.05° | -00°00'08.6" | 0.6865 3 X V
36 | GS-2012A-Q-046-10 | 13743™13.85% | -00°01702.2” | 0.7952 2 X
3 GS-2012A-Q-046-11 | 13"42™54.94° | -00°01'04.6” | 0.8149 3 X
8 GS-2012A-Q-046-11 | 13"43™02.43% | -00°01’38.7" | 0.6902 2 X Vv
10 | GS-2012A-Q-046-11 | 1343™00.20° | -00°02'15.2” | 0.6864 3 A" Vv

Continued on next page
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Table A.31 - continued from previous page

ID Mask RA (J2000) | Dec (J2000) z Quality | Identification | Member
11 GS-2012A-Q-046-11 | 13"43™00.10° | -00°01’12.5" | 0.6793 2 X Vv
13 GS-2012A-Q-046-11 | 13"42m59.42% | -00°01/18.7" | 0.6018 2 X

14 | GS-2012A-Q-046-11 | 13743™02.31% | -00°00'50.9” | 0.6909 2 X V
15 GS-2012A-Q-046-11 | 13"43™03.97% | -00°01/25.9” | 0.6801 3 X V
16 | GS-2012A-Q-046-11 | 13743™05.18° | -00°01’48.0" | 0.5474 2 X

18 GS-2012A-Q-046-11 | 13"43™04.65° | -00°00'57.3" | 0.6901 2 X Vv
19 | GS-2012A-Q-046-11 | 13%43™04.77% | -00°00'44.0” | 0.6986 2 X Vv
21 GS-2012A-Q-046-11 | 13"43™07.84° | 00°00'19.6” | 0.2707 2 X

23 GS-2012A-Q-046-11 | 13"43™08.50° | 00°00'17.4" | 0.7942 2 X

30 | GS-2012A-Q-046-11 | 13743™12.41° | 00°01'23.7" | 0.6895 2 X V
32 | GS-2012A-Q-046-11 | 13"43™12.93% | 00°00'20.8"” | 0.8020 2 X

Table A.31: XMMXCSJ134305.1-000056.8: All columns are as explained in Table A.23|
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ID Mask RA (J2000) | Dec (J2000) z Quality | Identification | Member
1 Nastasi et al.|(2014) | 14"50™09.30° | 09°04'39.3" | 0.6419 3

2 Nastasi et al.|/(2014) | 1450™09.20° | 09°04'45.1" | 0.6425 3

3 Nastasi et al.|(2014) | 14"50™10.40° | 09°04'23.5" | 0.6418 2 Vv
4 Nastasi et al.|(2014) | 1450™09.50° | 09°04'15.9” | 0.6430 3

5 Nastasi et al.|(2014) | 1450™07.40° | 09°04'28.8" | 0.6429 3 v/
6 Nastasi et al.|(2014) | 14250™09.30° | 09°04'06.5” | 0.6377 3

7 Nastasi et al.|(2014) | 1450™10.40° | 09°03’53.4" | 0.6462 2 Vv
8 Nastasi et al.|(2014) | 14"50™10.61° | 09°05'32.4” | 0.6379 3

9 Nastasi et al.|(2014) | 14"50™13.80° | 09°03'21.9” | 0.6407 3

10 Nastasi et al.|(2014) | 1450™16.01° | 09°02'57.6" | 0.6420 2 v
11 Nastasi et al.|(2014) | 14250™04.91° | 09°06'55.1" | 0.6405 3

3 GN-2012A-Q-070-05 | 14"50™12.84% | 09°02'45.1” | 0.5093 3 X

6 GN-2012A-Q-070-05 | 14"50™07.25° | 09°02'58.0” | 0.5064 2 X

9 GN-2012A-Q-070-05 | 14"50™10.22° | 09°02'50.9” | 0.5889 3 X

11 GN-2012A-Q-070-05 | 14"50™11.80° | 09°03'56.4" | 0.6405 3 X vV
12 | GN-2012A-Q-070-05 | 14%50™09.37° | 09°04'06.5" | 0.6367 2 X v/
13 GN-2012A-Q-070-05 | 14"50™09.53° | 09°04’15.9” | 0.6430 3 X Vv
14 | GN-2012A-Q-070-05 | 14"50™09.97° | 09°04'36.0"” | 0.3242 3 X

15 GN-2012A-Q-070-05 | 14"50™13.80° | 09°03'21.9” | 0.6403 3 X Vv
16 | GN-2012A-Q-070-05 | 14"50™09.86° | 09°04'27.2" | 0.6412 2 X V
17 GN-2012A-Q-070-05 | 14"50™09.29% | 09°04'39.2” | 0.6398 3 X

22 | GN-2012A-Q-070-05 | 14"50™11.94% | 09°05'40.3" | 0.6455 3 X V
24 | GN-2012A-Q-070-05 | 14250™01.45° | 09°05'06.9” | 0.6355 3 X Vv
27 GN-2012A-Q-070-05 | 14"50™02.90° | 09°05'45.5" | 0.4828 3 X

31 GN-2012A-Q-070-05 | 14"50™07.98° | 09°06'52.6” | 0.3705 3 X

1 GN-2012A-Q-070-06 | 14"50™09.49% | 09°01’54.0” | 0.8757 2 X

3 GN-2012A-Q-070-06 | 14"50™08.46° | 09°02/24.2" | 0.2673 2 X

4 GN-2012A-Q-070-06 | 14"50™09.14° | 09°02/21.3"” | 0.7059 2 X

7 GN-2012A-Q-070-06 | 14"50™09.00° | 09°03’16.8" | 0.6403 2 X Vv

Continued on next page
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Table A.32 - continued from previous page

ID Mask RA (J2000) | Dec (J2000) z Quality | Identification | Member
10 | GN-2012A-Q-070-06 | 14"50™09.73% | 09°04'11.7” | 0.6372 3 X Vv
12 | GN-2012A-Q-070-06 | 14"50™12.48° | 09°03'16.6"” | 0.5840 3 X

15 GN-2012A-Q-070-06 | 14"50™09.12° | 09°04'25.8” | 0.8099 3 X

18 GN-2012A-Q-070-06 | 14"50™10.65° | 09°05'32.0” | 0.6363 3 X v/
21 GN-2012A-Q-070-06 | 1450™14.62° | 09°05'46.7" | 0.7252 3 X

1 GN-2012A-Q-070-07 | 14"50™15.96° | 09°02/22.7" | 0.5646 2 X

6 GN-2012A-Q-070-07 | 1450™07.24° | 09°02'45.5" | 1.0768 3 X

11 GN-2012A-Q-070-07 | 14"50™09.42° | 09°04'11.9” | 0.6457 2 X vV
12 | GN-2012A-Q-070-07 | 14750™13.56° | 09°03/51.6” | 0.2948 3 X

13 GN-2012A-Q-070-07 | 1450™10.59% | 09°03'54.8" | 0.2282 3 X

14 | GN-2012A-Q-070-07 | 14"50™08.87° | 09°04'18.6” | 0.6444 3 X Vv
15 GN-2012A-Q-070-07 | 14"50™08.55° | 09°04/27.9"” | 0.7346 2 X

16 | GN-2012A-Q-070-07 | 14%50™09.51° | 09°03/59.3" | 0.6413 2 X V
19 GN-2012A-Q-070-07 | 14"50™09.38° | 09°04'45.0” | 0.6455 3 X vV
22 | GN-2012A-Q-070-07 | 14*50™01.03% | 09°04/50.5"” | 0.6417 3 X v/
25 GN-2012A-Q-070-07 | 14"50™03.59° | 09°05'33.3"” | 0.6411 2 X Vv
26 | GN-2012A-Q-070-07 | 14%50™03.83° | 09°06'15.5"” | 0.4833 3 X
27 GN-2012A-Q-070-07 | 14"50™04.34% | 09°06'04.2" | 0.6367 2 X Vv
32 | GN-2012A-Q-070-07 | 14"50™07.98° | 09°06'52.6" | 0.3702 3 X

Table A.32: XMMXCSJ145009.3+090428.8: All columns are as explained in Table
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ID Mask RA (J2000) | Dec (J2000) z Quality | Identification | Member
5 GS-2010B-Q-046-04 | 21752™20.26° | -27°28/46.6" | 0.4662 2 X

8 GS-2010B-Q-046-04 | 21"52™16.97% | -27°28'39.8" | 0.6330 3 X

12 | GS-2010B-Q-046-04 | 21"52m23.98°% | -27°30'29.9” | 0.8217 3 X V
13 GS-2010B-Q-046-04 | 21752™19.74% | -27°30'32.1” | 0.8262 2 X V
14 | GS-2010B-Q-046-04 | 21"52™14.96° | -27°30'00.0” | 0.8293 3 X V
17 | GS-2010B-Q-046-04 | 21"52™17.29% | -27°29'22.2" | 0.8297 2 X V
19 | GS-2010B-Q-046-04 | 21"52™20.19°% | -27°29'52.9” | 0.8281 2 X V
20 | GS-2010B-Q-046-04 | 21752™m20.14° | -27°30/22.7" | 0.8203 2 X V
21 GS-2010B-Q-046-04 | 21752™16.77% | -27°29'44.6" | 0.5923 3 X

22 | GS-2010B-Q-046-04 | 21"52m21.69° | -27°30'05.5" | 0.8308 2 X V
26 | GS-2010B-Q-046-04 | 21"52m24.86° | -27°30'59.8" | 0.8076 3 X

27 | GS-2010B-Q-046-04 | 21752™25.06° | -27°31'42.7" | 0.4450 3 X

31 GS-2010B-Q-046-04 | 21752™23.85% | -27°31'20.3” | 0.8287 2 X V
32 | GS-2010B-Q-046-04 | 21"52m24.29% | -27°32/05.7" | 0.8240 3 X

36 | GS-2010B-Q-046-04 | 21"52m22.99% | -27°32/50.7" | 0.7358 3 X

2 GS-2011B-Q-050-06 | 21752™14.59% | -27°28/22.5" | 0.7984 2 X

6 GS-2011B-Q-050-06 | 21752™20.57° | -27°29'08.9” | 0.5914 3 X

8 GS-2011B-Q-050-06 | 21"52™16.51° | -27°28'45.2" | 0.6038 3 X

9 GS-2011B-Q-050-06 | 21752™m19.78% | -27°28'45.5" | 0.4569 3 X

11 GS-2011B-Q-050-06 | 21752™m17.31% | -27°29'43.8" | 0.4667 2 X

14 | GS-2011B-Q-050-06 | 21"52™19.90° | -27°29/23.0” | 0.8057 2 X

15 GS-2011B-Q-050-06 | 21752™m24.86° | -27°30'54.4" | 0.6334 3 X

17 | GS-2011B-Q-050-06 | 21"52™22.36° | -27°29/59.0” | 0.8292 3 X V
18 GS-2011B-Q-050-06 | 21"52™m20.58° | -27°30'26.0” | 0.8264 3 X V
19 | GS-2011B-Q-050-06 | 21"52™18.98° | -27°30'50.1” | 0.8271 2 X V
25 GS-2011B-Q-050-06 | 2152™19.95% | -27°31/28.2" | 0.8251 3 X V
26 | GS-2011B-Q-050-06 | 21752™20.67° | -27°30'18.8” | 0.8240 3 X v
34 | GS-2011B-Q-050-06 | 21752™m23.51° | -27°32/34.8” | 0.8111 2 X

12 | GS-2011B-Q-050-07 | 21"52m18.37° | -27°30'18.4" | 0.5314 3 X

Continued on next page
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Table A.33 — continued from previous page

ID Mask RA (J2000) | Dec (J2000) z Quality | Identification | Member
13 GS-2011B-Q-050-07 | 21752™21.22% | -27°30'21.3” | 0.8305 3 X V

14 | GS-2011B-Q-050-07 | 21"52m20.05° | -27°30'34.2"” | 0.8313 3 X V

15 GS-2011B-Q-050-07 | 21752™20.78°% | -27°29'43.1" | 0.4419 3 X

16 | GS-2011B-Q-050-07 | 21"52™15.57% | -27°29'12.9” | 0.7362 3 X

20 | GS-2011B-Q-050-07 | 21%52™21.11° | -27°30'37.5” | 0.8383 3 X

26 | GS-2011B-Q-050-07 | 21752™m26.17° | -27°31'26.5” | 0.4950 2 X

Table A.33: XMMXCSJ215221.0-273022.6: All columns are as explained in Table
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ID Mask RA (J2000) | Dec (J2000) z Quality | Identification | Member
1 GN-2012A-Q-070-10 | 23"02™39.79% | 08°42'48.1" | 0.7148 3 X V
2 GN-2012A-Q-070-10 | 2302™38.96° | 08°42/33.7" | 0.7141 3 X Vv
4 GN-2012A-Q-070-10 | 2302™39.70° | 08°42'25.3” | 0.7169 3 X Vv
9 GN-2012A-Q-070-10 | 23202™42.62° | 08°43'57.4" | 0.7235 2 X Vi
11 GN-2012A-Q-070-10 | 23702™43.85% | 08°43/55.2" | 0.7291 3 X v/
12 | GN-2012A-Q-070-10 | 23h02™42.24% | 08°42'57.6" | 0.7231 3 X V
14 | GN-2012A-Q-070-10 | 23"02™43.02° | 08°42/48.4" | 0.6239 3 X
16 | GN-2012A-Q-070-10 | 23"02™47.41° | 08°44'10.3” | 0.7152 3 X Vv
17 GN-2012A-Q-070-10 | 2302™48.36° | 08°43'54.2" | 0.7192 3 X vV
18 GN-2012A-Q-070-10 | 23702™49.81° | 08°43/45.2" | 0.7181 3 X v
19 GN-2012A-Q-070-10 | 23202™47.90° | 08°43'23.0” | 0.7107 3 X v

20 | GN-2012A-Q-070-10 | 23"02™47.40° | 08°43'13.9” | 0.8648 3 X

22 | GN-2012A-Q-070-10 | 23202™51.32% | 08°45'14.6"” | 0.6157 3 X

23 GN-2012A-Q-070-10 | 23202™52.81° | 08°45'17.2" | 0.4820 3 X

25 GN-2012A-Q-070-10 | 23202™53.25° | 08°44'37.2" | 0.7244 3 X vV

27 GN-2012A-Q-070-10 | 23202™52.60° | 08°44'00.3" | 0.7261 3 X v/

28 GN-2012A-Q-070-10 | 23"02™51.71° | 08°43'52.4" | 0.7104 3 X Vv

29 GN-2012A-Q-070-10 | 23202™51.41° | 08°43/38.7" | 0.7166 3 X Vv

31 GN-2012A-Q-070-10 | 2302™54.65° | 08°46'40.9” | 0.7212 3 X Vv

33 GN-2012A-Q-070-10 | 23202™56.04° | 08°45'03.7" | 0.4818 3 X

34 | GN-2012A-Q-070-10 | 23"02™55.68° | 08°44/52.0" | 0.7171 2 X vV
11 GN-2012A-Q-070-11 | 23"02™41.64° | 08°43'44.2" | 0.7157 3 X V
13 GN-2012A-Q-070-11 | 23702™47.90° | 08°44'45.5" | 0.7377 3 X
14 | GN-2012A-Q-070-11 | 23202™45.49% | 08°44/30.1” | 0.7209 3 X Vv
18 GN-2012A-Q-070-11 | 23202™45.16° | 08°43'12.6” | 0.7113 3 X vV
19 GN-2012A-Q-070-11 | 23202™47.95°% | 08°43'58.1" | 0.7283 3 X V

20 | GN-2012A-Q-070-11 | 23P02™46.70° | 08°44/00.6” | 0.7253 3 X V

21 GN-2012A-Q-070-11 | 23"02™48.54% | 08°43'60.0” | 0.7253 3 X Vv

32 | GN-2012A-Q-070-11 | 23R02™55.72% | 08°45'01.7" | 0.4828 3 X

Continued on next page
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Table A.34 — continued from previous page

ID

Mask

RA (J2000)

Dec (J2000)

z

Quality

Identification

Member

33

GN-2012A-Q-070-11

23"03™00.05°

08°43'00.9"

0.8772

2

X

Table A.34: XMMXCSJ230247.7+084355.9: All columns are as explained in Table
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APPENDIX B

VELOCITY HISTOGRAMS

In this appendix, we provide a visual view of Appendix A. We present velocity histograms for
both samples, showing the possible and final chosen members. We also show 3D plots showing

the position and redshift of the final members.
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Figure B.1: We depict a synthetic view of the tables found in Appendix A in the form of his-
tograms for the low redshift sample. The solid grey blocks depict all the galaxies considered
as possible members while the white blocks are the final chosen members. The solid black line

shows the velocity dispersion calculated using the method described in the paper.
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