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Astronomy? Impossible to understand and
madness to investigate. - Sophocles, c. 420 BC



Abstract

To extract and make estimates of the cosmological parameters requires knowledge of the
cluster mass. Cluster mass is not directly observable but can be predicted by numerical
simulations of structure formation and can be inferred from observable proxies for mass.
One way to find a cluster is by the Sunyaev-Zel’dovich (SZ) effect, caused by the inverse
Compton scattering of photons from the cosmic microwave background (CMB) by hot gas
in clusters. The observable SZ effect signal (Y, the integrated Comptonisation parameter)
does correlate well with cluster dynamical mass. The cluster mass can be estimated from
measuring the one dimensional (1D) line-of-sight (LOS) velocity dispersion (o,) of galax-
ies in clusters, however, depending on the type of galaxies selected, such measurements
may be subject to biases. We investigate this issue using simulated cluster and galaxy
catalogues produced by the Millennium Gas Simulations Project. We aim to design an
optimal observing strategy which is important for future dynamical mass measurements of
Atacama Cosmology Telescope (ACT) clusters that aim to use the Southern African Large

Telescope (SALT) for much larger studies of dynamical mass measurements (Msgg).

We describe the methods used to make mock cluster catalogues by following the same

procedure used in multi-object spectroscopic observations with the Robert Stobie Spectro-



graph. In our case we applied a different number of slits masks for targeting the galaxy
clusters and investigate the impact it has on the recovered o, and estimated Msy. We
do this for both an idealized case (100% redshift z completeness), and for a realistic case,
where redshift completeness decreases for fainter objects. We calculate the velocity dis-
persion (o,) of each cluster at z = 0.3 using galaxies selected as members only, and then
use galaxy cluster scaling relations derived from N-body/hydrodynamic simulations to
estimate the cluster dynamical mass Msy. The recovered velocity dispersion is almost
unbiased (1.5—2%) but with much bigger scatter (12—18%). We found that the bias of the
estimated Msgo for 100% 2 completeness is less than that for the realistic 2z incompleteness,
which is as expected. For realistic redshift completeness, the bias in recovered Mzyy ranges

from 11—30%.

The ultimate goal for this project is to determine how many masks we need to use per
cluster, and how many clusters in total we need, to make a reasonable measurement of
the Ys00D% — o, relation, since the observing time on a queue-scheduled telescope such
as SALT is quantized by how many masks are allocated to each cluster. Using a Markov
Chain Monte Carlo (MCMC) method to fit the Y500D% — o, relation, we found that the
recovered slope of the relation has less bias when using a large sample of clusters with poor
quality o, measurements, as compared to a smaller sample of clusters with high quality o,

measurements.

1



Preface and Declaration

The work described in this dissertation was carried out in the School of Mathematical Sci-
ences, University of KwaZulu-Natal, Durban, from 25 February 2014 to June 2016, under
the supervision of Dr Matt Hilton

These studies represent original work by the author and have not otherwise been submit-
ted in any form for any degree or diploma to any tertiary institution. Where use has been
made of the work of others it is duly acknowledged in the text.

Nhlakanipho Kwazi Mthembu

June 2016

111


ShabaneP
Rectangle


Acknowledgments

It has been a great privilege to work on this project, which has very been challenging and
exciting to work on and I feel very fortunate to have been involved in it.

In particular, I thank Matt Hilton my supervisor for his guidance, encouragement, advo-
cacy, and patience, it has been a pleasure to work with him. The School of Mathematics,
Statistics, and Computer Science is full of very supportive staff. I additionally thank the
amazing members from Astrophysics & Cosmology Research Unit (ACRU) who provided
me with quality mentorship during the course of my research to help me grow as a young
researcher. I would also like to acknowledge the great financial support from the National
Research Foundation and the University of KwaZulu-Natal.

Finally, I would like to thank my family and partner for their endless love and support.
They made me feel free to pursue my interest in science and they continue to support my

long journey ahead in Astronomy.

v



Contents

Abstract

Preface and declaration

Acknowledgments

Contents

List of Tables . . . . . . . . . . . . . .. ... ... ....
List of Figures . . . . . . . . . . . .. ... ... ...,

1 Introduction

1.1 Introduction to Cosmology . . . . . . .. .. .. ...
1.2 Galaxy Clusters . . . . . .. ... ... ... .. ...

1.2.1  Clusters as Cosmological Probes

1.2.2  Cluster Cosmology . . . . . ... ... ....

1.3 Observational Properties of Clusters. . . . . . . . ..

1.3.1  Optical Observation of Clusters
1.3.2  X-ray Observations of Clusters

ii

iii

iv

o o W =



1.3.3 Millimetre-Wavelength Observations . . . . . .. . ... ... ... 16

1.3.3.1 Cosmic Microwave Background . . . . . .. ... .. ... 16

1.3.3.2  The Sunyaev-Zel'dovich (SZ) Effect . . . . . .. ... ... 18

1.3.3.3  Sunyaev-Zel'dovich (SZ) Effect Observations . . . . . . . . 21

2 Cosmological Simulations of Galaxy Clusters 26
3 Mock SALT cluster observations and analysis 35
3.1 South African Large Telescope (SALT) Multi-Object Spectroscopy . . . . . 36
3.2 Cluster Sample . . . . . . .. . 38
3.3 Data Analysis and Results . . . . . . . . ... ... ... ... .. ... .. 42

3.3.1 Extraction of Simulated Galaxy and Cluster Catalogues from MGSs

to mimic real Cluster Catalogues . . . . . . ... ... ... ... .. 43

3.3.2  Determining Galaxy Cluster Members . . . . . . . ... ... ... 44

3.3.3 Recovered Velocity Dispersion . . . . . . ... ... ... ...... 47

3.3.4 Dynamical Cluster Mass Estimates . . . . . .. .. ... ... ... 48

4 SZ Scaling Relations 54
5 Conclusion 71
Bibliography 72

vi



List of Tables

4.1

4.2

The best-fit Y300 D% — 0, scaling relation parameters assuming 100% redshift
z completeness (see text for more details). . . . ... ...
The best-fit Ys00D?% — o, scaling relation parameters, assuming redshift z
completeness as a function of magnitude as in Kirk et al. (2015) where we

applied the SALT redshift z success rate (see text for more details). . . . .

Vil

64



List of Figures

1.1
1.2

1.3

1.4
1.5

1.6
1.7

2.1
2.2

2.3

3.1
3.2

Modern version of Hubble’splot . . . . . . .. ... ... ... ...
Hlustration of sensitivity of the cluster mass function to the cosmological
model . ..
Image taken from Rosati et al. 2002 that shows the relation between ICM
temperature, T, plotted against LOS velocity of a sample of galaxy clusters
Schematic diagram illustrating the SZ effect . . . . . . . .. ... .. ...
Schematic representation that shows the distortion of the CMB due to the
SZeffect . . . . .
Plot illustrating the spectral distortion of the CMB due to the SZ effect . .

Scaling relation plot between dynamical mass (Magge) vs. SZ signal (Yaooc)
The image gives a visual impression of a simulated Universe . . . . . . ..
SZ effect images for a sample of galaxy clusters from the Millennium Gas
Scaling relations between the SZ flux, Y509, and cluster total mass, Msqo . .

Finder chart for an example SALT slit mask design . . . . . .. ... ...

Redshift success rate as a function of magnitude (from Kirk et al. 2015) . .

viil

10

17
19

22
23

30



3.3

3.4

3.5

3.6
3.7

4.1
4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

The colour-magnitude diagram for one of the targeted galaxy clusters from
the Millennium Gas Project . . . . . . . . . ... ... .. ...
Graph of how well velocity dispersion is recovered from galaxies selected as
cluster members . . . . . ...
Cluster dynamical mass (Mspoirue) vs. velocity dispersion (o1p) as measured
from the Millennium Gas Project . . . . . .. . ... ... .. ... . ...
Graph showing how well cluster mass (Msqg) is estimated using scaling relation
Graph showing how well cluster mass (Msp.) is estimated using scaling

relation . . . ..

The Ys00D% — o1p relation for the Millennium Gas Project simulated clusters
The Ys00D?% — 0, scaling relation for 100% z completeness when about 26
clusters were randomly selected initially . . . . .. ... ... .. ... ..
The Y300D?% — 0, scaling relation for realistic z completeness when about 26
clusters were randomly selected initially . . . . . ... . ... ... .. ..
The Ys00D?% — 0, scaling relation for 100% 2z completeness when about 51
clusters were randomly selected initially . . . . . .. ... .. ... ...
The Ys300D% — 0, scaling relation for realistic z completeness when about 51
clusters were randomly selected initially . . . . ... ... ... ... ...
The Ys00D?% — 0, scaling relation for 100% 2 completeness when about 69
clusters were randomly selected initially . . . . .. ... ... ... ...
The Y300D% — 0, scaling relation for realistic z completeness when about 69
clusters were randomly selected initially . . . . . ... . ... ... ....
The Ys00D?% — 0, scaling relation for 100% 2z completeness when about 90
clusters were randomly selected initially . . . . . ... ... ... ... ..
The Y500 D% — 0, scaling relation for realistic z completeness when about 90
clusters were randomly selected initially . . . . . ... ... ... ... ..
Recovery of the true slope of the Ys00D% — o, relation as a function of the

sample size, for 100% redshift completeness . . . . . . . .. ... ... ...

1X

93

95



4.11 Recovery of the true slope of the Y300D% — 0, relation as a function of the

sample size, for realistic redshift completeness. . . . . . . . . ... ... ..



CHAPTER 1

Introduction

Galaxy clusters are the most massive gravitationally bound structures in the Universe,
with the sizes of a few Mpc (a Mpc is about 3 million light years). On average clusters
contain hundreds or thousands of galaxies, and most of their mass in the form of dark
matter (DM), an unknown substance that makes up ~ 23% of the total mass-energy den-
sity of the Universe ( , ). The existence of DM is inferred indirectly, by

its gravitational influence on galaxy clusters. Clusters are an excellent tool to study the

history of the Universe and constrain cosmological parameters.

To probe cosmological parameters requires the knowledge of cluster mass, which is a
quantity that is not directly observable, but can be predicted by numerical simulations
of structure formation. Through observation, a number of proxies can be used to infer
cluster mass. In our case we use the velocity dispersion of member galaxies to estimate
the total dynamical cluster mass. However one cannot avoid picking up a fraction of
foreground /background interlopers, i.e., galaxies that lie along the line-of-sight (LOS) and

appear to be associated with the cluster. There are not gravitationally bound to the cluster



and their addition leads to a bias in the velocity dispersion based measurements used to
estimate the total cluster mass (e.g., , ; , : , :
, : , ; , ). This is the one of many reasons why

we need to have well calibrated methods for cluster mass based measurement.

In this project, mock observations of galaxy clusters were produced, which closely mimic
the constraints on target galaxy selection that affect real spectroscopic observations, and
then their velocity dispersions were measured using techniques commonly applied to real
data. We used the Millennium Gas Simulations (MGSs; , , see Chapter 2) as
the basis for the mock observations. We apply real observational methods that have been
carried out with the South African Large Telescope (SALT; Buckley et al. 2006) when
conducting Multi-Object Spectroscopy (MOS) of galaxy clusters with the Robert Stobie
Spectrograph (RSS; Burgh et al. 2003). ( ) did a follow-up study of the
galaxy clusters that were recently detected with the Atacama Cosmology Telescope (ACT,

) ) via the Sunyaev-Zel’dovich (SZ) effect. This is the inverse Compton
scattering of photons from the cosmic microwave background (CMB) by hot gas in clusters
( , ). The SZ-selected clusters targeted by SALT were those previously
detected by the ACT team ( : ; , ).

In Chapter 1, we give a brief introduction about the motivation of the project, followed
by an introduction to cosmology, galaxy clusters, observational properties of clusters and
cluster scaling relations. In Chapter 2 we describe cosmological simulations of galaxy clus-
ters and also the MGSs that we used for this project. In Chapter 3 we describe our data
analysis and making the mock cluster observations. In Chapter 4 we talk about the SZ
scaling relations and show the results of fitting the SZ signal—velocity dispersion relation.

We present the conclusions of the thesis in Chapter 5.

Unless otherwise stated, throughout this thesis we adopt a flat A cold dark matter
(ACDM) cosmology with present day parameters; €2, = 0.25,Q = 0.75, a Hubble constant
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of Hy = 73 km s~! Mpc~! and o5 = 0.8.

1.1 Introduction to Cosmology

Cosmology is the scientific study of the large scale properties of the Universe as a whole,
bringing together ideas, and clarification about its birth. It aims to explain the origin and
evolution of the entire contents of the Universe in order to have a deeper understanding of
the physical processes that govern the formation of the large-scale structure. In the early
days of cosmology, very little was known about this field of science, but in the modern era,
there has been tremendous growth, provided by very powerful and sensitive instruments

designed for astronomical observations.

The Universe is believed to have began with a very massive explosion called the Big
Bang approximately 13.8 Gyr ago (see, , ). Right after the
Big Bang it is thought that there was cosmic inflation, where there was an exponential
expansion for approximately 10737 s (e.g., see, , ). After inflation the Universe
carried on to expand while cooling down and allowing the formation of baryons. The pro-
cess that manufactured the lightest elements in the early Universe is known as Big Bang

nucleosynthesis.

The Universe today is full of structures of broad scales; the planets that orbit the stars,
stars that make up galaxies, the galaxies which are gravitationally bound into clusters, and
even clusters of galaxies that are also found within larger superclusters. In cosmology we
seek to study all these vast range of structures as a whole. Cosmology deals with very huge
scales, on which even galaxies are regarded to be very small. By our own human standards,
the Universe is very old but on a cosmological point of view the present Universe is not

indefinitely old.

Our modern theory of cosmology is based on the assumption that the Universe is ho-



mogeneous and isotropic on large scales. Homogeneity is the statement that the Universe
looks the same at each point, while isotropy states that the Universe looks the same in
all directions. We call this the cosmological principle. It is important to stress that the
cosmological principle is not precise but rather a postulation, that holds better and better
the larger the length of the scale we look at. For instance, our own galaxy, the Milky Way,
is not a special place in the Universe, but is just one amongst billions of other galaxies that

are scattered across the universe.

The cosmological principle is not very good on scales of individual galaxies, but once we
take very large regions, say, containing about a million galaxies, we anticipate the Universe
to look the same in all directions and also look the same at each point. The cosmological
principle is supported by observations of the expanding universe, from which it follows that
everyone at any one instant in time must see the same rate of expansion. The cosmological
principle is therefore a property of the global Universe, breaking down if one looks at the
local occurrence phenomena. It is also the basis of the "Hot Big Bang” model for cosmology;,
which is currently the best approximation we have to explain the birth of our Universe and

its current state.

In the 1920’s Edwin P. Hubble measured the recession velocities of about 18 spiral
galaxies with known distances and he found that all of the velocities increased linearly
with distance ( , ),

v = Hyr, (1.1)

where Hy (now called Hubble’s constant) is the constant of proportionality between reces-
sion speed v and distance r. Hubble was the first to establish the correct law of expansion
of the Universe. He found correlation between the distance to a galaxy and its recessional
velocity as determined by the redshift z. The wavelength of the light emitted from far away
galaxies which is moving along the line of sight towards an observer on Earth is stretched

along with the expansion of the Universe and the observed galaxy light from Earth has a



redshift z, given by
Ao — Ae
z =
Ao

where \g is the rest-frame wavelength and ). is the wavelength of at the time of emission.

(1.2)

The redshift of distant galaxies can be measured from looking at a galaxy spectrum. When
a galaxy has a redshift of z < 0, we say it is blueshifted. This happens to galaxies coming
towards our own, but a vast majority of galaxies are redshifted (i.e., z > 0). This increase
of the velocity of recession according to Hubble is directly proportional to the galaxy’s

distance.

Figure 1.1 shows a modern measurement of the Hubble law by the HST Key Project

( ). The present day values of cosmological parameters, like Hy, are

always subscripted by “0”, which refers to the present epoch (z = 0). The value of the
Hubble parameter changes with redshift.

One of the most astonishing things about relativistic cosmology is that the Universe has
not existed forever. There is a finite time-frame that separates mankind from the extremes
of the energy and density in which the expanding Universe started off from. One of the
biggest questions in cosmology is: How old is the Universe? The approximate age of the
universe is given by the Hubble time ¢y, which is the inverse of the Hubble constant,

1
tn = = = 9.78 x 10° bt yr = 3.09 x 107 b1 s, (1.3)
0

where h is the dimensionless parameter scale factor for the Hubble expansion rate that is

said be h = 0.72 £ 0.02 (see, : ).

In the Big Bang model, the Universe is expanding, from an initially hot and dense state
and has been expanding since its birth (see., , , for more details). The expan-
sion is still going on even today, and at an accelerating rate, as discovered from observations
of Type Ia supernovae( , : , ). The discovery of cosmic

acceleration was a major milestone for modern cosmology. It was the first evidence that



supported the existence of dark energy (DE), which is responsible for expansion of Universe
and causes it to happen at an accelerated rate. Even after the discovery of an accelerating
expansion of the Universe, the physical origin of DE still remains a deep mystery. DE is
a theoretical form of energy that exerts a negative, repulsive pressure, postulated to act
in opposition to gravity, and it makes up ~ 73% of the total mass-energy density of the

Universe (see, , : , ).

One of the most fundamental problems in cosmology is to compile a census of the
contents of the Universe. In the sections to follow we talk more about methods used to
learn more about gas, radiation, DM and galaxies that together make up contents of the
observed Universe. One way to measure the energy density of the universe in terms of both

matter and dark energy is to study the properties of galaxy clusters.

1.2 Galaxy Clusters

The observable Universe is made up of ~ 4.6% ( , ) baryonic material.
There over 100 billion galaxies, and they can be classified into a different range of categories
depending on their shape and size, there are: elliptical, spiral, irregular and dwarf galaxies.
There are also many sub-categories within the above mentioned classification (see,

, , for a more detailed classification). Most galaxies have a total mass ~ 107—10'2
Mg, and their size range from few kpc to over 100 kpc in diameter. Galaxies are not ran-
domly distributed in space but normally reside in groups or in much larger agglomerations
called clusters. The smaller aggregates of galaxies are called a group of galaxies rather
than cluster of galaxies, normally consisting of 50 or fewer gravitationally-bound member
galaxies. Our own galaxy The Milky Way is a member of galaxies known as The Local
Group, including the larger spiral galaxy Andromeda (M31) and several smaller satellites,

which include the Large and Small Magellenic Clouds. The Local Group consists of ~ 30

members.
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Galaxies clusters consist of ~ 100—1000s of bright galaxy members that are bound to-
gether by gravity. Galaxy clusters normally fall into the classification referred to as regular
galaxy clusters which are spherically shaped, usually rich, meaning they have ~ 1000’s of
galaxy members. They have large galaxies at the centre, and most galaxies found in regu-
lar clusters are either elliptical or lenticular. An example of a regular cluster is the Coma
cluster. A typical mass of cluster ranges from 104—10'® M, with most of the mass being;
about over 80% DM, ~ 15% of hot gas, and less than 5% of luminous matter like stars.
The heated gas found between galaxies is called the intracluster medium (ICM), which has
a temperature peaking at 2—15 keV but varies with the total mass of the cluster. The ICM
provides us with a good environment for testing our understanding galaxy cluster forma-

tion (see, , , for more details on clusters and structure formation).

Most of the visible mass in galaxies is mainly from stars but the fundamental theories of
cosmology and observational evidence suggest that DM is the most dominant component in
galaxy clusters. This form of matter is neither stellar nor gaseous, which makes the nature
of DM elusive, and further complicates the use of clusters as cosmological probes. DM
does not interact with light; it is collisionless and dissipationless, unlike gas (see ,

, for more details on the properties of DM). To date, no one has ever directly detected
signals from DM. A lot of improvements are being made through cosmological numerical
simulations with DM particles and observational experiments to enhance our knowledge

and give us a deep overview understanding of the unknown physical processes of the Uni-

verse.

The characteristics of galaxies makes them convenient to use for tracing the history
of the Universe. By studying them and being able to have well-calibrated methods to
measure their mass more accurately may give us insight into how structure has grown in

our universe.



1.2.1 Clusters as Cosmological Probes

The Universe can be described in terms of the cosmic web structure from very large struc-
tures called superclusters, to clusters of galaxies and to smaller scales that contain galaxy
groups. The cosmic web also consists of areas with nearly empty voids, this means that
the growth structure of the Universe and matter distribution follows a hierarchical pattern.
Clusters of galaxies are considered one of the most important cosmological probes. In order
to extract information from galaxy clusters we must be able to classify them distinctively
from other objects in the Universe and also understand their formation process at a given
epoch. With a considerate analysis of galaxy cluster properties at different structure levels
this can help us understand in more detail the history of the growth of structure in the
Universe. Due to the fact that clusters contain a lot of information about their own evolu-
tion, they serve as the natural laboratories in which to study the formation history of the

universe.

Previous studies of galaxy clusters have contributed a vast wealth of information which
has helped to improve measurements of the standard cosmological model parameters. Clus-
ters are a sensitive probe for cosmology (e.g., see, , ), as shown by
Figure 1.2, which illustrates the sensitivity of the cluster mass function to the underlying
cosmological model. The panel on the left has €2y = 0.75 and the panel on the right has
Qp = 0. The observations (points with error bars) are not a good match to the model with
Qp = 0, so from this illustration of Figure 1.2, clusters can be used to constrain 2, and

other cosmological parameters.

Observational data of galaxy clusters have been used to provide useful measurements
for constraining cosmological parameters (e.g., , ). In spite of all the huge
amounts of rich data clusters can provide, probing strong constraints from cluster surveys
is still a non-trivial problem due to the complexity of estimating accurate cluster masses.

More work still needs to be done with regards to understanding DM and DE since they
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Figure 1.2: Illustration of sensitivity of the cluster mass function to the cosmological
model, the solid lines show the mass function models (weighted with the survey volume as
a function of cluster mass and redshift z). The panel on the left has Q4 = 0.75 and the
panel on the right has 2, = 0. (Image credit ( , ).

both dominate the Universe and no one has ever directly observed signals of both. This
is because almost if not all of the information we have about galaxy clusters comes to us
from photons: optical photons from stars, radio photons from neutral hydrogen gas, X-ray

photons from ionized gas and so forth (e.g., , ).

1.2.2 Cluster Cosmology

Clusters of galaxies correspond to the regions of the resulting large-scale structure. The
spatial distribution and number density of clusters carries the imprint of the process of
structure formation and, as a consequence, these properties are sensitive to the underlying
cosmological parameters. The number density of galaxy clusters as a function of their mass
M and redshift z, N(M, z), is strongly dependent on the cosmological parameters; 25 the
DE density of the ACDM Universe, €, the pressureless matter density of the Universe,

and og the amplitude of density fluctuations on scales of 8 Mpc.
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In order to use clusters to constrain cosmological parameters, we need to know their
masses as precisely as possible. Cluster mass can be determined in several ways, e.g.,
by measuring the gravitational lensing distortion of the images of background galaxies by
means of weak and strong lensing (see, ) ) which is said to be a direct
way, or by assuming the condition of viral equilibrium, through measurements of the veloc-
ity dispersion of the cluster of galaxies. These methods of mass measurements can only be
applied to clusters for which high-quality data are available, and obtaining individual mass
measurements for a large number of systems is observationally exorbitant. Cluster mass
can also be inferred from other more easily measured observables, using scaling relations to
relate these measurements to the cluster mass (e.g., , ). Examples
of these include: the velocity dispersion of member galaxies (e.g., , :

, ), the total thermal content of the intracluster plasma measure from SZ or X-ray
(e.g., , : , : , ) observations, and the

optical luminosity traced by the galaxy population (e.g., , ).

1.3 Observational Properties of Clusters

Observational studies of galaxy clusters have now developed into a broad, multi-faceted
and multi-wavelength field. Over the past centuries astronomers have had to rely on the
limited part of the spectrum in order to study the Universe but, with the advancement of
technology, new modern ground based and space telescopes have allowed the exploitation of
the full electromagnetic spectrum for astronomical measurements. There are now advanced
telescopes capable of making observations at radio waves, microwaves, infrared light (IR),
visible light (VI), ultraviolet light (UV), X-rays and gamma rays, which all correspond to

light waves of different (in this case increasing) frequency (see, , ).

In Section 1.3 we outline how clusters are observed at X-ray, optical, and millimetre

11



wavelengths. We briefly explain some of their observational properties and the associated
physical processes, which allow us to probe their dynamics at different redshifts. We also

describe how these observational quantities can be related to cluster mass.

1.3.1 Optical Observation of Clusters

The identification of galaxy clusters by optical telescopes has been going on for quite a
long time, and in the late 18" century Charles Messier and William Herschel had both
discovered traces of galaxies in the constellations of Virgo and Coma. Large area cluster
searches began with the pioneering photographic surveys by ( ), Zwicky et al.
(1968) and Shectman (1985). A great comprehensive advancement in the systematic study
of the properties of clusters occurred when Abell compiled an extensive, statistically com-
plete catalogue of rich clusters of galaxies ( , ) by looking for projected galaxy
overdensities through visual inspection of photographic plates. Abell’s catalogues contain
most known nearby galaxy clusters and are the foundation from which much of our modern

understanding of clusters have grown.

Many improvements have been made to optical cluster identification methods, building
on Abell’s approach (e.g., Dalton et al. 1997, Lumsden et al. 1992, Postman et al. 1996).
The number of optically discovered clusters has been increasing over the past decades as
the observing instrumentation power has been improving (see Biviano, 2000, for review of
history). The colour of galaxies can help with identifying clusters, because cluster galaxies
are notably redder than others at the same redshift, due to a lack of ongoing star forma-
tion. This places cluster members on a “red sequence” in a plot of galaxy colour versus

magnitude (e.g., : ).

The total optical luminosity of a cluster is itself an indirect measurement of a cluster’s

mass. The luminosity function describes the distribution of galaxies in a cluster as a

12



function of luminosity. There are several functions that could be used for fitting the

luminosity function and nowadays astronomers use the ( ) function
O(L)AL = 6*(L/ L") exp(~L/L*)d(L/L#), (1.4

where ¢(L)dL is the number density of galaxies with luminosities between L and L + dL,
where L* is a characteristic luminosity cutoff, o is the power-law slope at the faint-end, and
¢* is the normalisation (galaxies/Mpc?). It is often convenient to rewrite the Schechter
function in terms of magnitudes, rather than luminosities. In this case the Schechter

function becomes
d(M)dM = (0.41n10) x ¢* x 1004H@FDAT=M) 5o ( 1004 =MNapr (1.5)

When conducting optical observations, it not possible to measure the luminosity of every
galaxy in a cluster, especially at high redshift, where only the brightest galaxies can be ob-
served. Since the luminosity distribution function of cluster galaxies is very much uniform
from cluster to cluster, observing the high-luminosity peak of that distribution allows one
to standardise the overall galaxy luminosity function for the cluster. The standardisation
of the overall galaxy luminosity finally allows one to make estimates for both the cluster’s

total optical luminosity and its mass (from, : ).

Optical observations also allow astronomers to perform measurements of orbital veloc-
ities of galaxies in clusters. As mentioned in the previous sections, galaxy clusters are
the most massive gravitationally bound systems, and are believed to have undergone some
sort of dynamical relaxation from irregular to regular clusters, with regular clusters being
more relaxed than irregular clusters ( : ). The nature of this distribution can be
studied by acquiring the radial velocities v, (which is the component of the galaxy velocity
along the line of sight) of the optically confirmed cluster members. The radial velocities
v, of individual galaxies are expected to be distributed around the mean radial velocity of
galaxies in a cluster, which makes the velocity distribution of a relaxed cluster’s galaxies

to be gaussian in velocity space. The most conventional way to represent this distribution

13



is in terms of dispersion
o1p = (v, = (0)))", (L6)

where o1p is the one-dimensional (1D) velocity dispersion for the cluster. The first ever
measurement of the velocity dispersion for a cluster was made by Zwicky (1933, 1937) for

L' although, because of the

the Coma cluster where it was found to be o1p ~ 700 km s~
presence of background galaxies, it is not possible to state with absolute confidence that
any given galaxy belongs to a given cluster. Thus, one cannot give an exact count of the
number of galaxies in a cluster so the accuracy of the o1p relies on the method applied

to identify the number of member galaxies with measured velocity and eliminating non-

members such as interlopers that reside along the LOS but are not part of the cluster.

1.3.2 X-ray Observations of Clusters

The Earth’s atmosphere is opaque to X-ray wavelengths of light, and so observations of
celestial objects that emit X-ray photons had to be carried out from space. M87 in the
Virgo cluster was the first extragalactic object to be detected as an X-ray source by (

, ; , ). Because observations of X-ray astronomy had to wait
for more space based satellites to be developed and launched into space, progress in X-ray
astronomy was slow, but in the early 1970s, the study of X-ray clusters started to accelerate
after the launch of the Uhuru X-ray satellite (see, , ). Uhuru also allowed
more extended observational analysis to be done on individual X-ray sources as well as a

complete all sky survey of the X-ray sources.

X-ray observations have allowed the properties of clusters to be studied, in particular
the intracluster medium (ICM). The ICM is a super heated plasma that is present at the
center of a galaxy cluster, and mostly emits X-ray radiation by the bremsstrahlung pro-
cess. X-ray observations of numerous clusters of galaxies show that the radiation is sharply

peaked around the central brightest galaxy, and the brightness of the X-rays tells us about
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the density of the gas. By observing the hot diffused ICM and assuming the gas to be
in hydrostatic equilibrium within the cluster gravitational potential well, mass estimates
can be inferred from these X-rays observations (e.g., , ) but this needs
very precise measurement of the gas density and temperature. Satellites like Chandra and
XMM-Newton are capable of measuring these quantities to high precision, but this has
mostly been done for low redshift clusters. At high redshift, only a small number of clus-
ters have hydrostatic mass estimates, due to the long observation times needed to measure

the temperature profiles of such clusters.

One of the set backs of the hydrostatic equilibrium assumption, is that it only applies
to clusters that are dynamically relaxed. If its not possible to estimate mass this way
there are other methods such as scaling relations, whereby X-ray cluster observables such
as luminosity, temperature or LOS velocity dispersion could be used to infer the mass.
The average X-ray temperature is one of the most widely used cluster mass indicators (see,

) ), the M — T relation expected in self-similar theory is given by,
M x T**E(z)™! (1.7)

where,

E(z) = H(2)/H,. (1.8)

where T is the ICM temperature (which can be measured from X-ray observations) and M
the cluster mass. Equation 1.7 shows how cluster quantities, such as 7', are directly related
to cluster mass. The relation arises in the self-similar model simply because the ICM T is
expected to scale with the depth of gravitational potential T' o< M /R and mass and radius
R are related as R oc M3, ( , : , : ,
). X-ray observations of clusters allow us to probe the physics of the hot, diffuse ICM,
which offers a completely different tracer to measure the total gravitating cluster mass (e.g.,
, ). Figure 1.3 shows scaling relations for distant clusters in the X-ray

band. The plot on the left shows the relation between T" and line of sight velocity dispersion,

while the plot on the right shows the relation between X-ray luminosity and mass. The
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correlation shown in Figure 1.3 between the cluster quantities indicates that the picture of
clusters as relaxed structures in which both gas and galaxies feel the same dynamics is a
reasonable representation (from, , ). The presence of scatter and outliers
indicates there are more complex physical dynamics taking place. This suggest that more
improvement needs to be done in order to improve measurements of scaling relations for

galaxy clusters.

1.3.3 Millimetre-Wavelength Observations
1.3.3.1 Cosmic Microwave Background

The Cosmic Microwave Background (CMB) was discovered by ( )
who found that the CMB radiation is present in all directions with almost equal intensity,
although it was originally predicted in 1946 by ( ) as a result of the hot, dense

early universe.

The origins of the CMB lie in the early hot phase of the expansion of the Universe,
so the discovery of the CMB was a breakthrough for the Big-Bang theory prediction. It
effectively sounded the death knell for the steady-state model of the universe, which at one

point had many adherents, due to the appeal of a universe that does not change with time

(see, , )

The CMB allows us to trace back the physical history of the universe using the fossilised
heat from the Big Bang, which has now cooled due to the expansion of the universe. The
unique properties of the CMB make it a very good probe of cosmology. By observing the
CMB radiation and mapping its spectrum across the sky, we can gain insights into galaxy

clusters, and in turn our understanding of cosmology.

The frequency spectrum of the CMB radiation was measured to high accuracy by the
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Figure 1.3: Image taken from Rosati et al. 2002. The left plot shows the relation between
ICM temperature, T', plotted against LOS velocity dispersion, o,, of a galaxy clusters. o,
was taken from Carlberg et al. (1997a) for CNOC clusters and from Girardi & Mezzetti
(2001) for MS1054-03 and RXJ17164+67. Temperatures T are taken from Lewis et al.
(1999) for CNOC clusters, from Jeltema et al. (2001) for MS1054-03 and from Gioia et
al. (1999) for RXJ1716+67. The solid line shows the relation kgT = pm,o?, and the
dashed line is the best-fit to the low-z T' — o, relation from Wu et al. (1999). The right
plot shows the low-z relation between X-ray luminosity and the mass contained within the
radius encompassing an average density 200p, (from Reiprich & Bohringer 2002). The two

lines are the best log-log linear fit to two different data sets indicated with filled and open

circles
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Cosmic Background Explorer (COBE) satellite ( : ), which conducted a
full-sky survey. COBE found that the spectrum of the CMB is indeed thermal, with a
measured perfect body spectrum at temperature of about Teopyp &~ 2.726 K ( ,

), and the intensity of the radiation field is almost completely isotropic (the same in

all directions). The specific intensity of the radiation is therefore close to

2hv?
I, = C—;j(ehl’/kBTCJWB _ 1)—1 (1.9)

which correlates well with the maximum brightness I,,q; ~ 3.7 x 1071 W m=2 Hz ! sr~!

at Vpaz ~ 160 GHz, a photon density n, ~ 4 x 10% photons m™, and an energy density

U, ~ 4 x 107 J m™2, which can be represented as a mass density p, ~ 5 x 107! kg m~?,

and is substantially smaller than the critical density
2

H
perit = 55 = 1.88 x 107 hif kg m™ (1.10)

required to close the Universe. In the above equation, h is Planck’s constant, hjgg =
Hy/100 km s~ Mpc™! is a dimensionless estimation rate of the Hubble constant, Hy, G is
the gravitational constant, c is the speed of light, v is the frequency, and kg is the Boltz-

mann constant.

1.3.3.2 The Sunyaev-Zel’dovich (SZ) Effect

The hot gas that X-ray observations uncover from galaxy clusters may also be discovered
in several other ways besides from thermal bremsstrahlung radiation. The photons that
pass into and out of the cluster undergo what is known as inverse Compton scattering from
colliding with excited high energy free electrons in the hot (7" > 10" K) ICM (gas) which
triggers a small fraction of the photons to become up scattered to higher energies, and this
creates a small distortion in the CMB temperature. Figure 1.4, shows a cartoon version
of this effect. This effect is now known as the Sunyaev-Zel'dovich (SZ) effect (

, ) which is a very powerful tool now being used for detecting, and for
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Figure 1.4: Schematic diagram of SZ effect, this phenomenon arises when low-energy pho-
tons of the CMB pass through the hot ionised intracluster gas in a rich cluster of galaxies.
The picture shows the scattering of CMB photons by rapidly moving electrons in the hot
gas in the cluster. Clusters are revealed by measuring the distortion of the CMB spectrum
owing to the hot ICM. It is one of the most powerful methods to find distant clusters and
does not depend on redshift z and provides reliable estimate of cluster masses. (Adapted

from L. Van Speybroeck)

19



discovering new clusters (see, , ; , ;
, ; , , for more details on SZ effect clusters) at high z.

The effect that is observed is proportional to the number density of electrons, n., the
thickness of the cluster along the line of sight, and the electron temperature, T,. The
parameter that combines these factors is called the SZ y parameter. The y parameter is

measured along the LOS towards massive clusters.

Something of relevant interest about the SZ effect is that it conserves photons. If there is
no interaction, photons cannot be created or absorbed, only scattered, which redistributes
their energies. To examine the SZ effect, we derive the transport equations that govern
the whole effect of the inverse Compton scattering on the photon energy distribution. The

observed spectral distortion in the CMB intensity is given by,
(kpTcms)?

Al(x) =2 1.11
() =220y (), (111)

expressed in units of specific intensity, where
Al(x) = I(z) — Ih(x), (1.12)

I(x) is the up-scattered CMB spectrum in the direction of the cluster and Ip(x) is the
unscattered CMB spectrum in the direction of the sky area close to the cluster, Ty is
the incident CMB temperature,

x=hv/kgTeons, (1.13)

and
g(x) = 2*e” (z(e” + 1) /(e — 1) — 4) /(e* — 1)% (1.14)
The inverse Compton scattering increases the frequency of a scattered photon by an average

amount AV of
AT kT,
=7 _4
v MeC?

(1.15)

where T, is the temperature of the electron gas, m, is the electron mass and ¢ the speed

of light. The resulting distortion of the CMB spectrum is shown in Figure 1.5 and 1.6.
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Figure 1.5 shows the SZ effect of the CMB spectral distortion for a fictional cluster that

is over 1000 times more massive than a typical cluster to illustrate the small effect (e.g.,

, 2002).

The SZ observable Y parameter is

Y:/ y dS2, (1.16)

where the integral is performed over the solid angle subtended by the cluster. The Comp-
tonization y parameter is defined by the thermal structure of the ICM:

orkp

Y= / P.dl, (1.17)

MeC?

in terms of the pressure where P, = n.T, which is contributed by the electronic population,
n. and T, are the density and temperature of the free electrons respectively and dl is the
differential along the line of sight, and o is the Thomson cross section. For a gas that is in
hydrostatic equilibrium and is within the cluster’s gravitational potential well, the electron

temperature 7T, can be determined by

GMm,,
2Ress

kT, ~ (1.18)

where M is the cluster mass, G is the gravitational constant and m,, is the proton mass. At
this temperature, thermal emission from the gas appears in the X-ray part of the spectrum,
and is composed of thermal bremsstrahlung and line radiation (see, , ).
Figure 1.6 shows that the SZ effect has a distinct frequency dependence such that, in
the direction of a massive cluster, the temperature of the sky increases at frequencies larger

than 218 GHz while below this frequency the temperature decreases.

1.3.3.3 Sunyaev-Zel’dovich (SZ) Effect Observations

The SZ effect is a powerful method for discovering new clusters of galaxies. Early measure-

ments of the SZ effect were performed with targeted observations of known clusters. These
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Figure 1.5: The diagram shows Cosmic Microwave Background (CMB) spectrum, for undis-
torted shown by the black solid-line and the distorted CMB due to the Sunyaev-Zel’dovich
(SZ) effect is shown by the blue solid-line, the plots where done on a log-log scale. The
diagram shows photons from CMB that are scattered to higher frequencies by colliding
with the high energy electrons in the hot intracluster gas. For frequencies less than the
peak frequency, more photons are scattered out of a frequency interval than into it, so
the intensity at that frequency decreases. Similarly, for frequencies greater than the peak
frequency, fewer photons are scattered out of a frequency interval than into it, so the inten-
sity at that frequency increases. The net results is a shift of the CMB spectrum to higher
frequencies. Figure from Ned Wright (www.astro.ucla.edu/wright /SZ-spectrum.html)
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Figure 1.6: Spectral distortion of the cosmic microwave background (CMB) spectrum
radiation due to the thermal Suyaev-Zel’dovich (SZ) effect on a log-log scale for a realistic
massive cluster (a Compton y parameter of y = 107%). The SZ effect causes a decrease in the
CMB intensity at frequencies < 218 GHz and an increase at higher frequencies (Carlstrom

ot al, 2002). Figure from Ned Wright (www.astro.ucla.edu/wright/SZ-spectrum.html)
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studies revealed the power of the SZ effect, for studying gas physics and the inner structures
of clusters ( , ; , ). The SZ signal does not diminish due
to luminosity distance: it is nearly redshift independent, and so SZ surveys can detect all
clusters in the universe above a mass limit set by the survey noise level (e.g., ,
; , ). The first blind detections of galaxy clusters through their SZ
effect were reported by ( ). Over the past few years there has been
tremendous growth in surveys carried out to detect clusters via SZ effect. The largest SZ
cluster catalogue has been provided by the all sky survey conducted by the Planck Collab-
oration ( , ) showing results of an all-sky Planck catalogue
of cluster candidates derived from SZ effect detections. The South Pole Telescope (SPT;
, ; , ) also conducted a 2500 square degree SZ cluster

survey. The Atacama Cosmology Telescope (ACT , ) has also surveyed 504
square degrees on the celestial equator ( , ; , )
in order to search for SZ clusters. ACT is a 6m off-axis Gregorian telescope located at an
altitude of 5200 m in the Atacama Desert in northern Chile, it was designed to measure
small-scale anisotropies in the CMB, and observe the sky in three frequency bands (centred

at 148, 218, and 277 GHz) simultaneously with arcminute resolution.

Previous studies have shown that the observable SZ signal (Y, the integrated Comp-
tonisation parameter) does correlate well with cluster dynamical mass. Figure 1.7 shows
the scaling relation between dynamical mass (Magg., measured from the velocity dispersion
of galaxies in clusters) and SZ signal (Yaq.), measured from ACT data ( : ).
The ACT data were fitted using a power-law of the form

(EOOCDA@)?E@)—% ) o
YZm‘vot .

(1.19)

The solid blue line in Figure 1.7 shows the best-fit line of Equation 1.19, with Yot = 5 X
107° h™2 Mpc?, and the gray shaded region shows the 1o uncertainty. Other measurements
shown in Figure 1.7 are from either observations or simulations, as indicated by the coloured

lines.
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Figure 1.7: Scaling relation plot between dynamical mass (Mago.) vs. SZ signal (Yago.) for

ACT- detected clusters as measured by Sifon et al. (2013), see text for more details.

Here, D4(z) is the angular diameter distance in Mpc, A = 14.99 + 0.007 and B = 0.48 +

0.11 are the logarithmic normalisation and slope of the scaling relation respectively, and
E(2) = [Qu(1 + 2)* + Qa2 (1.20)

Equation 1.19 is a convenient form for parametrising the scaling relation if one wants to

predict the mass of a cluster using SZ effect observations.
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CHAPTER 2

Cosmological Simulations of Galaxy Clusters

New discoveries and surveys have allowed us to observe the present day and early Uni-
verse by observing the CMB radiation along with the current distribution of the Universe
with space satellites and ground based telescopes. However, even though observations have
shown the shape of the Universe at different times, they are not able to explain the process
that transformed the very old small density perturbations into the structures we see today
(i.e large scale structures). Cosmologists and astronomers need methods that which can
bridge the gap that exists between theory and observations. Most of the information we
know today about the Universe arrives to us through light and most of these objects are
millions of light years away from our own galaxy. Alternative methods are required in order
to solve these problems, some of these problems can be solved by numerical simulations of

structure formation of the observable Universe created using powerful super computers.

Cosmological numerical simulations of the Universe have greatly improved our under-
standing of the physics of galaxy formation. They are widely used to guide the interpreta-

tion of the observations, and the design of new astronomical instruments for observations.
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Simulations of the Universe play a pivotal role for studies of cosmic structure formation,
and they have become a very powerful tool for testing observational techniques used to
find galaxy clusters. These methods have provided insight into the distribution of DM,
which is not possible to observe, and have been every effective in calibrating new ways of
measuring cosmological parameters. Simulations have been crucial in testing the viability
of cosmological models of structure formation, such as the cold dark matter (CDM) model

and its other forms.

Numerical simulations do come with their own set backs even though they are very
good tools for testing cosmological models. One of the challenges is that simulating the
visible Universe is much more complex, because it is difficult to model many of the deep
astrophysical processes, such as star formation, as a result of poorly understood details of
the gas physics. No cosmological simulation is able to resolve the scales needed to properly
simulate feedback by active galactic nuclei (AGN) and star formation that are needed to
solve the “overcooling problem”; which otherwise leads to simulations producing more stars
than are observed. Because of the scope of this project, we are not able to cover the details
of all the physical processes modeled in numerical simulations of galaxy clusters. Here we

only present a brief introduction to the general aspects.

Theoretical cosmologists have over the past years developed a wide range of different
numerical techniques to model galaxy clusters. Cosmological numerical simulations can be
divided into two main groups, that is N-body simulations and hydrodynamic simulations.
The N-body methods are particle based, but can include a mesh for the solution of the
gravitational potential. N-body simulations codes are simulations with discrete number of
dynamical system of particles, usually under the influence of gravity. The N-body simu-
lations have been essential for determining the properties of dark matter holes. Previous
hydrodynamical simulations of galaxy formation have been based on the smoothed particle
hydrodynamics (SPH) technique (Lucy 1977; Gingold & Monaghan 1977; Monaghan 1992,

2005), where gas is discretised into a set of particles.
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A lot of observed and some unseen astrophysical phenomena involve complicated in-
teraction processes on a wide range of scales. These astrophysical phenomena are very
difficult to probe with astronomical instruments, but with numerical simulations, we can
build a picture of the linear-to-non-linear regime of the universe, and build an understand-
ing of the physical processes involved, while making a connection with current observations.
Cosmological simulations play a perpetually vital part in theoretical studies of structure
formation process in the Universe and without numerical simulations, the ACDM model
may not have come into being the main theoretical paradigm for structure formation which
it is today. The ACDM model is the standard modern theoretical foundation for under-
standing the formation of structure in the Universe (see, Dunkley et al. 2009), it provides
the most accepted background for studying the process of cosmic structure formation in

the Universe.

In the early 1980s there was lot of growth leading to very important developments
for simulations of cosmic structure formation. One of the most widely accepted models
for large scale structure formation involves CDM. Right after the innovation of CDM by

( ); ( ) within a short space of time soon

led to one of the very first CDM N-body cosmological simulations (e.g., , ;
, ). The ACDM model assumes that structure grew from weak density

fluctuations which happened in the early Universe shortly after the Big Bang, and the

Universe has been expanding ever since at an accelerating rate.

Millennium Gas Simulations (MGSs)

For the past several years, one of the most used N-body large simulation of cosmic structure
formation for comparing with galaxy cluster surveys has been the Millennium Run Simu-

lation (MS hereafter, , ) which followed more than 10 particles of mass
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8.6 x 10® h™! M, of DM distribution within a simulation volume of (500 h~'Mpc)? from
redshift z = 127 to z = 0. MS was the largest ever simulation of the formation of structure
within the ACDM cosmology at the time it was published. It was run by an international
group of astrophysicists called the Virgo Consortium. The MS was run using the first-year
cosmological parameters from the Wilkinson Microwave Anisotropy Probe (WMAP1, see
, ) with modified version of a publicly available code GADGET-2 by

( ). These parameters are now known to be incompatible with current mea-

surements of the cosmological parameters.

Galaxy cluster formation is commonly governed by gas that is transformed into form-
ing stars and there needs to be a physical mechanism that allows the stars to become
gravitationally bound. The original MS was dark matter only, whereas the Millennium
Gas Simulations (hereafter MGSs, , ) from the Millennium Gas Project are

hydrodynamical simulations which include gas physics.

For this project we used a simulation that had the above mentioned physical appli-
cations applicable to it with more gas physics. Our sample of the simulated cluster and
galaxy catalogues were drawn from the MGSs, which is a set of large N-body/hydrodynamic
(which was the largest of its kind at its time of release) cosmological simulations with flat
ACDM cosmology with the following cosmological parameters: €, = 0.25,Q = 0.75,€), =
0.045,h = 0.73,08 = 0.9. The MGSs had an inclusive model added to them for feedback
which was implemented using a hybrid procedure with input of energy into the intracluster
gas from supernovae (SNe) and AGNs both taken from a semi-analytic model for galaxy
formation. This was done to make sure that the MGSs eventually came close to match

realistic observations of the observational Universe.

The MGSs (see, , ; , : , : ,
; , ) are a re-simulations of the original 500 h~! Mpc volume Millen-

nium Simulation (MS, , ) with an inclusion of different gas dynamics:
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Figure 2.1: The image gives a visual impression of a simulated Universe, a small part
cut from the full volume from the Millennium Run Simulation (MS) showing the DM
structure distribution on large scales at present epoch (z=0). The purple colour represents
"Cosmic Web’” which connects individual galaxies, groups and clusters by filaments of the
DM (in bright yellow), surrounded by large underdense voids (in black). Image from
http://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/
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heating driven by gravity only (GO), cooling and preheating (PH) and a more realis-
tic treatment of feedback (FO), both from SNe and AGNs ( : ). These
models were added to provide a hydrodynamic version of the Virgo Consortium’s dark
matter of the MS. The simulations were run with the publicly available GADGET-2 N-
body/hydrodynamics code ( : ). Due to the fact that it was going to be
too computationally expensive to do a full run on the whole MS due to the inclusion of gas
physics particles, the MGSs was run with fewer particles. The initial conditions were the
same a those of MS as described in Hartley et al.(2008), so the particle masses were set to
5x 10% dark matter particles, each with mg,, = 1.4 x 10 h™1 My and 5x 10% smoothed
particle hydrodynamics (SPH) gas particles, each with mgs = 3.1 x 10° h™* My. This

resulted in mass resolution much more crude than in the original Millennium Simulation.

The ( ) paper on the MGSs builds on the work done by
( ), where they presented results for SZ Y — M relations for clusters but focused on
general issues of multivariate scaling relations. The simulations from ( )

were performed with gas dynamics under two different physical treatment: GO and PC.
In order to have a good theoretical interpretation of SZ cluster samples at high and low
redshift with varying gas physics so that the MGSs reassembles the real observable SZ
cluster properties closely matched with real observations. A third model (FO) was added
to the MGSs used by ( ). The FO includes a more realistic treatment of
feedback, both from supernovae and active galactic nuclei (AGNs), it uses the semi-analytic
galaxy formation model of ( ), run on DM only resimulations of
MS clusters, to provide information on the effects of star formation and feedback on the
intracluster gas. A snapshot of various properties of the galaxies such as their position,

stellar mass and black holes mass are stored in the MGSs.

There are three distinct components of the FO simulation run: hydrodynamical cluster
resimulations to track the effect of energy feedback from galaxies on the thermodynamical

properties of the ICM, DM only cluster resimulations of each region containing a cluster
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from the sample and feedback from semi-analytic galaxy catalogues built on the halo merger
trees of these resimulations. The full details of each stage explaining how the FO model
was applied to MGSs clusters is discussed in ( ). The FO model successfully
generates the required excess entropy of the low-redshift population and provides a good
match to the structural properties of non-cool-core clusters. ( ) presented
results between the SZ Y parameter and cluster observables, and demonstrated that the SZ
Y parameter is reasonably insensitive to changes in gas physics that predominantly affect
the cluster core. The aim of the MGSs was to focus in more detail on the prediction of
the SZ effect, and in particular the Y — M relation for clusters and compare the results to
those from other groups using different simulations and observations. The Y — M scaling
relations predicted using PC and FO models from ( ), see Figure 2.3, were

found to be in excellent agreement with the analysis of ( ).
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Figure 2.2: Top panels: shows the integrated Compton-y parameter maps determined by
the thermal structure of the ICM for most massive clusters (M,; ~ 2.9 x 101 ! M) at
z = 0 in the MS which was classified to be a regular cluster, and from left-hand side to the
right-hand side we can see the results which was found for the GO, PC and FO simulation
respectively. The images in the bottom panel show similar results but for disturbed clusters
(with M,; ~ 1.5 x 10'® h™ M). The above results were found by [<ay et al. (2012) using
the MGSs.
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Figure 2.3: Scaling relations betweenthe SZ flux, Y509, and total mass, Msqg, for the GO
(top panels), PC (middle panels) and FO (bottom panels) models at z = 1 (left-hand
panels) and z = 0 (right-hand panels). The solid diagonal line is a least-squares fit to the
relation. The best-fitting power law to z < 0.5 Planck/XMM-Newton combined data from
Planck Collaboration et al. (2011) is shown in all panels as a dashed line, while the box
illustrates the intrinsic scatter in the observed relation. The triangles represent disturbed
clusters , while the squares are regular clusters. The above image and results were found

by Kay et al. (2012) using the MGSs.
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CHAPTER 3

Mock SALT cluster observations and analysis

In this chapter we describe cluster and galaxy simulations used to make mock galaxy clus-
ter catalogues that we used to mimic real observational methods. We also present methods
used for determining cluster membership in order to make measurements of the velocity

dispersion and scaling relations used to estimate the dynamical mass of each cluster.

To make the mock galaxy cluster catalogues, we follow the same procedure as in

( ) which describes SALT follow-up observations of galaxy clusters detected by
ACT ( , ; , ). This is important for future studies
of ACT clusters that aim to use SALT for much larger studies of dynamical mass mea-
surements. From ( ), we know that SALT can target ~ 25 galaxies per slit
mask, and our ultimate aim for this project is to answer the question: for a fixed amount of
telescope time, is it better to obtain many low quality velocity dispersion measurements, or
fewer, higher quality velocity dispersion measurements? That is, how many masks per clus-

ter should be used to make a reasonable measurement of the Y’ —o, relation (see Chapter 4)7
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In this chapter we will describe how to make mock observations and analyse them
(measuring the velocity dispersion). We use the completeness limits estimated from SALT
(from, , , see Figure 3.2 below here) to determine the redshift success rate
of our mock galaxy clusters catalogues from MGSs. We begin with a brief introduction to

SALT multi-object spectroscopy (MOS).

3.1 South African Large Telescope (SALT) Multi-Object
Spectroscopy

The Southern African Large Telescope (SALT) is a 11-metre optical telescope located in
Sutherland, South Africa, and is operated by the South African Astronomical Observatory
(SAAQO). The Robert Stobie Spectrosgraph (RSS) of SALT was designed with spectropo-
larimetric versions of all its modes which provides capabilities of making multiple object
measurements referred to as Multi Object Spectroscopy (MOS) (Nordsieck et al., 2001),
and is able to make measurements from 3200—9000 A (where 1A =108 cm). MOS offers
the possibility of obtaining spectra of about 25 objects simultaneously, if 10” long slits are

used.

RSS can be operated in MOS mode using custom made slit masks which are laser cut.
The RSS has a circular & field of view, which is well matched to the sizes of clusters at

intermediate redshift (z > 0.3).

For MOS observations, the observer will do pre-imaging before conducting an actual
observation and pre-imaging is normally done in the field-of-view of the telescope. In

( ), Sloan Digital Sky Survey (SDSS) imaging was used in the preparation of the

slit masks and once mask design is done they cannot be changed during actual observations.

SDSS is a major multi-filter imaging and spectroscopic redshift survey using a dedicated

2.5m wide range-angle optical telescope (see, , , for more details) at Apache
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Point Observatory (APO) in the Sacramento Mountains in Southern New Mexico. SDSS
has been in operation since year 2000 April and has created one the most detailed 3D maps
of the Universe ever made (see, , ). It has made photometric observations

of around 500 million objects and spectra of more than 3 million objects.

( ) reported observations of seven clusters that had previously been
detected by ACT( , : , ). The clusters were de-
tected in SZ with 4.6 < S/N < 8.3, and were selected to be z ~ 0.4, to make sure that the
targeted galaxies would have bright enough absorption lines for successful redshift mea-

surements, given the capabilities of the RSS instrument of SALT at the time of observation.

Figure 3.1, shows an example of a slit mask finder chart for mask 1 covering ACT-CL
J2058 as in ( ). The green rectangles are slits placed on galaxies and the
red square boxes for alignment stars. During acquisition at SALT, slits were placed on
3—4 bright stars per cluster field to help optimise the final alignment. The slit masks were
designs with images acquired from (SDSS , ) the 8th data release (DRS,
hereafter). The mask design have geometric constraints in order to avoid overlapping spec-
tra and to ensure the necessary wavelength coverage is met. The slitlets had dimensions
of; length = 10", width = 1.5” and the minimum safety fixed gap that was left between
the slits was 1.0”, to avoid any superposition of spectra. These dimensions were chosen
because SALT is located at Sutherland where the median seeing is 1.3" (see, ,

). The slitlets used were able to target between 19—26 galaxies in each cluster field

per slit mask ( , ).

The slit mask was centred on the Brightest Cluster Galaxy (BCG), using the coordi-
nates listed in ( ). Target galaxies were selected to be fainter than
the BCG and with colour bluer than the estimated redward edge of the red-sequence. The
red-sequence defines a tight relationship between magnitude and colour, and is mostly fol-

lowed by elliptical galaxies (see, e.g, , ). The slits were assigned to galaxies
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in an automated way that prioritised objects closer to the cluster centre. This was done
to ensure the number of objects whose spectra were centred horizontally on the detector

array was maximised.

Figure 3.2 shows the fraction of successful redshift measurement as a function of galaxy
r-band magnitude range 17.9—23.9, for all the galaxies which were targeted by
( ). The design of SALT limits observations on the celestial equator to tracks of 3200
sec duration. The graphs in the upper panel show the magnitude distribution of the target
galaxies. The galaxy redhsift was measured by cross-correlating the spectra with SDSS
galaxy spectral templates using the RV SAO/XCSAO package for IRAF ( ,
), the cross-correlation was run repeatedly in intervals of 9z = 0.0001 spanning be-
tween redshifts of 0.0 < z < 1 for 6 different templates. Out of the 372 galaxies which
were targeted, 191 of them were successfully measured (51% z success rate) as some of the

galaxies were very faint.

In Section 3.3.1, we describe how we constructed mock slit mask observations from the

Millennium Gas Simulations.

3.2 Cluster Sample

To simplify the analysis, we used a galaxy and cluster catalogue from the MGSs, extracted
at z = 0. This allowed us to neglect any evolution in cluster properties. Our galaxy cluster
catalogue was taken from the FO run model of the MGSs which are appropriate to use

when analysing the SZ properties for individual clusters.

We define Mspg (Mago) in Mg, as the mass of the clusters contained within the char-

acteristic radius Rspo (Raoo) in Mpe, the radius from the cluster center within which the
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ACT-CL_J2058.8+0123_slitData_Mask1 (PA=180)

+01°28 T

+01°26' | ®

+01°24'

Dec. (J2000)

+01°22'

+01°20' |

20!: ng 103 zoh 59m Dox 2047 58”! 50’; 20!: 58“ 40;;
R.A. (J2000)

Figure 3.1: Finder chart for an example SALT slit mask design, the red square boxes are
placed on the brightest stars for alignment and the green rectangles are the slits placed on
galaxies. This chart was done for ACT-CL J2058 cluster using 1 mask as in Kirk et al.
(2015).
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Figure 3.2: SALT redshift (z) success rate for galaxies targeted by IKirk et al. (2015) during
observation. The results of the graph above show the z success rate as a function of r-band
magnitude for 2 x 975 sec of integration in column 1, 4 x 975 sec in the second column,

and for all observations shown in the last columns.
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average density is 500 (200) times the critical density at the cluster redshift z, where
R500 ~ 0.6 x Rgoo, (31)

and Rag is roughly the virial radius.

Cluster properties stored in Millennium Gas Simulations cata-

logue

In the MGSs (from, , ; , ) various properties are stored in
snapshots, these include, from the cluster catalogue; the identification number (ID) for
each cluster, mass of the cluster Msoo (in h™' M) within the characteristic radius R
(in h=! Mpc), the position coordinates (units in h™* Mpc) of the cluster centre giving the
location of the cluster in the simulated Universe. The simulated cluster catalogue also has
measurements of the three dimensional (3D) velocity dispersion (o3p) of the total cluster
mass distribution. Since we want to compare this with our own recovered one dimension
(1D) LOS velocity dispersion o,,, we assume an isotropic velocity distribution in converting

o3p using the equation below,
R — 03D
1D = T =
V3

Another very important cluster property, included, is the frequency-independent SZ comp-

(3.2)

tonization (Ys09) parameter given by

10'T

Ys00 = 75—
D3 mg

/nek‘BTedV, (33)

integrated within Ryo and Yjqp is normally measured in steradians, which we convert into
an intrinsic Ysqo (which takes out the surface brightness dimming effects) by multiplying
by D% (cosmology dependent), i.e., the angular diameter distance to the cluster. Hence
Y500 D% has units of h=2 Mpc?. In the MGSs the value of Y is estimated for each cluster

using

]{: Nhot
OT Bmgas

Y500 = T;, 3.4
500 = MmHmeCQ Z (3.4)
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where the mean molecular weight per electron is p. = 1.14, which is suitable for a fully
ionised plasma of hydrogen, assuming 7' = T, (equipartition of energy between the elec-
trons and nuclei) and the summation runs over all hot (T > 10° K) gas particles within

Rsg0, with mass mg,s and temperature T;.

The simulated galaxy catalogues consists of;, the ID’s for each galaxy, the position
coordinates (in units Mpc) of galaxies inside the simulated Mpc box, which are used to
match against the simulated clusters center position coordinates, the components of the
galaxy velocity (in units km s™!) in each axis, and the absolute magnitudes of the galaxy
in SDSS photemetric bands (u, g, r, i, z: see http://www.sdss.org/). These are used to

pick, e.g., the magnitude limited galaxy samples.

3.3 Data Analysis and Results

In this section we going to describe the methodology used to make measurements of cluster
properties: velocity dispersion, and dynamical mass. Making these measurements it is very
important to accurately determine cluster membership to avoid biased measurements of the
velocity dispersion and cluster mass. We calculate the velocity dispersion of each cluster
using a software developed by ( ) and use scaling relations we derive from
MGSs and ( ) cluster mass relation to estimate the cluster dynamical
mass. The data analysis methods we use are very similar to the ones used in

( ). We use these observational methods to make mock cluster catalogues to mimic a
realistic observation similar to the one SALT conducted when follow-up observations were
done on clusters which had been detected by ACT on the celestial equator using the SZ
effect. SALT conducted a MOS (which uses custom designed slit mask) observations with
the RSS in order to measure galaxy redshifts in each cluster field to determine the cluster
velocity dispersion in LOS. The LOS velocity dispersion is used to infer cluster dynamical
mass by using scaling relations obtained from zoomed-in N-body/hydrodynamical simu-

lations of dark matter halos, that includes prescriptions for cooling, star formation, and
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AGN feedback (e.g , , and from MGSs).

3.3.1 Extraction of Simulated Galaxy and Cluster Catalogues

from MGSs to mimic real Cluster Catalogues

All of our data analysis was done using Python 2.7 (see, https://www.python.org/), a
high level programming language. The Python 2.7 program is widely used for astronomical
data analysis and is a free open-source software which also has a community-based devel-
opment model. All the extra packages needed for data processing were preloaded into our
python library database. We wrote a Python code that allowed us to extract the simulated
cluster and galaxy catalogues of the MGSs which are in Flexible Image Transport System

(FITS) format.

We use the MGSs simulated cluster and galaxy catalogues for z = 0, a different number
of clusters were randomly selected, and only clusters with log,,(Msp0/Ms) > 13.8 were
considered. For the purposes of our study, we assume that evolution is negligible and
artificially redshift the cluster galaxies to z = 0.3, this is better matched to the observations
described in ( ) and is well matched to SALT’s 8 field of view. We also
convert the provided galaxy absolute magnitudes (u, g, r, i, z: M) to apparent magnitudes

(m) for all the galaxies using
m = 5(logyo(DI - 10°)) + M, (3.5)

where the luminosity distance DI =1552.673 Mpc. We convert the physical distances
recorded in the X, Y axes of the MGSs into angular distances by adopting a scale factor of
0.062 deg/Mpec. In Equation 3.5 we neglected the k-correction because it is small for our

simulated observations (0.12 mag for an early-type galaxy at z=0.3).

Our new data was arranged accordingly and saved into new text-files that we later fed
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into a software that is used to read the galaxy catalogs and make files for importing into
the SALT RSS slit making tool, similar to the ones used for real targets when conducting
observations with SALT (e.g : ).

Figure 3.3 shows a colour-magnitude diagram for one of the MGS clusters. The red
dots represent galaxies selected for inclusion in a mock observation slit mask, while the
blue dots represent all other galaxies within the vicinity of the simulated cluster. To make
sure all the galaxies targeted are fainter than the BCG and with colour bluer than our
estimate of the red-edge of the red-sequence, we set target cuts for top priority targets to
put slits on galaxy apparent magnitudes; i >17.9’, g-r < 2.0’, i < 22’ and the galaxies that
passed the target cuts are placed in a mask. We also apply secondary targets, these are
used when no more of the galaxies that pass target cuts can be placed in a mask; i > 17.9’,
i < 23". Multiple masks (1-4) were generated for each cluster in the sample. The masks are
labelled in a simple way: masks used in run 1 are called mask 1, while a different number

masks used in run 2, 3 and 4 are called mask 2, 3 and 4 respectively.

3.3.2 Determining Galaxy Cluster Members

It is very important to deduce as accurately as possible the true galaxy cluster membership
to avoid biased measurements of the velocity dispersion. Deducing which galaxies are true
members of the cluster is often tricky due to interloping galaxies that appear along the

LOS. To find and remove interlopers we apply a rejection method referred to as the shifting

gapper method developed by ( ) and was further refined by
( ) to identify cluster members. Our approach is similar to the procedure implemented
by (2015).

We first calculated the peculiar velocity for galaxies relative to our estimate of cluster
redshift, where for all the clusters an estimate of the redshift is known since we artificially

redshift the cluster of galaxies to z = 0.3 and this is used as a starting point. The peculiar
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Figure 3.3: Image of all the galaxies that were selected in blue circle dots, and the red ones

are those selected in the 4 slit masks (see text for more details)

45



velocity Aw; of each of the galaxies is calculated relative to this redshift estimate and we

define it as

Zi — 2
C——
1+z’

where the Aw; is the peculiar velocity of the " galaxy, z is its redshift, and Z is the

cluster redshift (0.3) and c is the speed of light. We calculate the peculiar velocity of each
individual galaxy, and in order to reject possible non-cluster members for our samples from
the mock catalogues, we adopt the following procedure; we remove all the galaxies with
Av; > 3000 km s~ or < -3000 km s~! with respect to the cluster redshift, and this process

was iterated until convergence was reached.

( ) found that galaxy clusters correspond to well-defined peaks
in the distribution of galaxy recessional velocities, and that gaps of more than 1000 km/s
between adjacent galaxies indicates the presence of interlopers. To exclude them, we sorted
all galaxies by their peculiar velocities and identified any galaxies with gaps differing by
more than 1000 km s™! adjacent to each other. We iteratively removed all galaxies with

! compared to their nearest adjacent neighbour in velocity

gaps greater than 1000 km s~
space until the number of galaxies in the cluster reached convergence. The fixed optimum
gap (1000 km s7!) found by ( ) is adequate because its also avoids

the merging of subclusters and prevents the breaking of real systems into smaller groups.

Only galaxies enclosed within Rsgo (the radius within which the mean density is 200
times the critical density of the Universe) were selected and we excluded all galaxies located
at a projected radial distance from the cluster centre greater than Rsgg, as these were not
considered to be associated with the cluster. To ensure that we did not exclude possible

members, we express Ragg following ( ) as

. 1
Rogo = 1.73 c

. ht M 3.7
1000 km st VO + Q1+ 2)3 pe (3.7)

where o, is the line of sight velocity dispersion (see, Section 3.3.3) and z is the cluster red-

shift. In Equation 3.7 we assume that the galaxy velocity distribution follows an isothermal
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sphere dark matter profile.

Note that in some cases, the procedure of selecting members galaxies returns fewer than
10 members. We exclude these clusters from our analysis (as typically done in observations
studies, e.g ( )), as the velocity dispersion measurements may not be
robust. As a result, this means that the number of simulated clusters in the sample with

either 100% redshift completeness, or realistic redshift completeness, is not always equal.

3.3.3 Recovered Velocity Dispersion

The cluster LOS 1D velocity dispersion (o,: in km s™') was calculated using only galaxies
identified as members from the measurements of Av; in Section 3.3.2. The velocity disper-
sion ¢, was computed via the biweight scale estimator (see, , ) method; it
is an effective statistical estimator for finding the dispersion of Aw; because it is robust to
outliers. The errors were computed via a bootstrap resampling 1000 technique. The boot-
strap method does not rely on any prior assumption of the underlying data distribution;
therefore it is more robust than traditional error estimators, since the velocity distribution

is unknown.

Figure 3.4 shows results for the recovered 1D velocity dispersion (o, ), calculated from
all the galaxies that were selected to be members of the cluster. The graphs on the up-
per panel show only those which have 100% redshift completeness, since we are dealing
with simulations to get such measurements. For real optical observations such as those of

( ), it is not possible to get 100% redshift completeness of all the targeted
galaxy clusters especially for very faint distant galaxy clusters. We show results of o,
for a realistic case of redshift completeness in the bottom panel of Figure 3.4, where we
applied the same fraction of redshift success rate as it was found by ( ) (e.g.
see, Figure 3.2 column one bottom panel which obtains a 2 x 975 of integration per mask

spanning the r-band magnitude range 17.9—23.9).
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Figure 3.4 shows how well o, is recovered depending on whether 1—4 masks were used
per target and also on the cluster redshift success rate. We define the bias and scatter in the
recovered o, respectively as the mean and standard deviation of (o, - 01p)/0o1p (referred to
as ‘mu’ and ‘sigma’ in Figure 3.4). For 100% z success rate, the scatter seems to not change
but the percentage of the bias changes from about 2.5%—0.07% when between 1—4 mask
used on the clusters. For the realistic case, we see that the scatter ranges from 14—18%,
and the percentage of the bias decreases from 5.6% to about 2% when 3 or 4 masks are

used. The recovered velocity dispersion is almost unbiased.

3.3.4 Dynamical Cluster Mass Estimates

Using velocity dispersion as a mass proxy, we estimate the total dynamical cluster mass
using scaling relations derived from numerical simulations. We also check how the recov-
ered mass changes according to the assumed redshift success rate, and with 1—4 slit masks

per cluster target (Figures 3.6 and 3.7).

Figure 3.5 shows a linear regression log-log plot between Mjsqo4ue and opp, where
Mi00true 18 the cluster dynamical mass (in h™' M) measured from the MGSs within char-
acteristic radius radius Rsog. We compare Msogi4e With our estimated total cluster mass
measurements Msgo and Msgo. both in units h= Mg, that is cluster mass estimated from o,
measurements of galaxies in clusters using scaling relations, to be discussed in more detail
later. oyp (in km s7') is the the 1D velocity dispersion of the total cluster mass distribution
of galaxies in clusters in the MGSs, calculated using Equation 3.2. The black solid line
shows the log-log linear regression best fit line, we use the relation below (Equation 3.8)
to get an estimate of the dynamical cluster mass Msyy given by

2.94

Msgo (W Mg) = (o, (kms™))™ x 1073, (3.8)

for each cluster, and the results of the recovered cluster mass Msqy are shown in Figure 3.6.
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Figure 3.4: The plots above illustrate how well 1D velocity dispersion (o) is recovered
from galaxies selected to be true members of a cluster, where 1-4 masks were used per
cluster. The top panel shows for 100% z completeness and the bottom for the realistic
z completeness. o, is the recovered 1D velocity dispersion, oip is the known velocity
dispersion of the total cluster mass distribution from MGSs, 'mu’ and ’sigma’ define the

bias and scatter of the recovered o, respectively. See text for more details.

The mass measurements shown in Figure 3.7 are derived using the relation of Munari

et al. (2013), which was calibrated using subhalos and galaxies,

ou(km s71) Ve

Mago. = 10" b~ M, 2
1D

(3.9)
where Ajp = (11774 4.2) kms™' the normalisation parameter, a = 0.364+ 0.0021 is the
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slope, and the simulation included AGN feedback using galaxies with stellar masses (> 3
x 10 h™! Mg). Since we compare our cluster mass with other relations we convert our
Mg estimate into Msgo. by using the mass-concentration (c-M) relation given in

( ) assuming a Navarro-Frenk-White (NFW; , ) density profile.
The results of the recovered cluster mass (Mjsgo.) are shown in Figure 3.7, the top panel

shows 100% z completeness, and the bottom panel shows the realistic case for z success

rate from SALT.

In Figure 3.6 and 3.7 we are measuring the fractional difference by comparing the
recovered total dynamical cluster mass (Ms0, Ms00.) from galaxies which were selected to
be members of a specific cluster with the true total cluster (Msooue) measured directly
from the MGSs. This was done to see how 100% redshift completeness, and realistic redshift
incompleteness affects cluster mass measurements when a different number of masks are
used. In both figures we can see that the bias for 100% redshift completeness is less than
the bias of the realistic redshift incompleteness, which indicates that having good redshift
completeness has the potential to improve cluster mass measurements. The right hand
side of Figure 3.6 and 3.7 on the lower panel for realistic redshift incompleteness show that
we over estimate the cluster mass by ~ 30%, ~ 22%, and if we use more masks the bias
decreases to ~ 15% , ~ 11% for Figure 3.6 and 3.7 respectively, and the scatter changes
by roughly 10% for both figures.
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Dynamical mass Mg, (h™' M) vs o, (km s71)
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Figure 3.5: Log-log plot of the true values as measured from MGSs of the cluster dynamical
mass M500,.,. (h~' Mg) versus 1D velocity dispersion op (km s™!) of galaxy clusters. The

black solid line shows the log-log linear regression best line fit. See text for more details
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Figure 3.6: The plots above show how well M5y is recovered, that is mass estimated from
using Equation 3.8 relation by applying the velocity dispersion (o,) of galaxies that were
selected to be true cluster members, where 1-4 masks were used per cluster. The top
panel for shows measurements of 100% z completeness and the bottom for the realistic
z completeness. The bias of the estimated cluster mass (Msq) is indicated by ‘mu’ and

‘sigma’ gives the scatter. See text for more details.
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Figure 3.7: The plots above show how well Msqg. is recovered, that is mass estimated
from using the Munari et al. (2013) relation (see, Equation 3.9) by applying the velocity
dispersion (o,) of galaxies that were selected to be true cluster members, where 1-4 masks
were used per cluster. The top panel for shows measurements of 100% 2 completeness and

the bottom for the realistic z completeness. The bias of the estimated cluster mass (Msoo.)

is indicated by ‘mu’ and ‘sigma’ gives the scatter. See text for more details.
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CHAPTER 4

SZ Scaling Relations

In this section we focus on the relationship between the SZ Comptonisation (Ysq), inte-
grated within Rs5q, and the velocity dispersion of member galaxies. Since velocity disper-
sion is the measure of the kinetic energy of the galaxies in the cluster and Yjq is related

to the ICM gas in the cluster, both are good tracers of clusters.

Figure 4.1 shows the scaling relation between SZ signal (Ysq0) versus 1D velocity dis-
persion (o1p) as measured from the Millennium Gas Project simulations we used here (see,
, ). The solid black line shows a least-square best-fit line to the data, we

found

2 _ _5.29
Y500 D = 07

x 1072014 (4.1)
in log-space where 5.29, -20.14 describe the best-fitting slope (By..) and normalisation
respectively. We adopt By = 5.29 as the true measure of the slope for the relation
and use it to compare with the recovered slopes (B,..) for Ys00D% — o, relation, where a

different number of clusters were randomly selected and with a different number of masks

1-4 placed to each cluster sample. We obtain Y309 D% — o, scaling relation parameters from
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SZ signal (Y;) vs. 1D velocity dispersion (o)
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Figure 4.1: The Ys00D% — o1p relation for the Millennium Gas Project simulations using
the integrated SZ signal Y500 and the one dimensional velocity dispersion (o1p) of the total
cluster mass distribution. The blue circle dots represent the cluster data within Rsqg for
cluster mass log;,(Ms00/Ms) > 13.8, and the solid black line shows the log-log least-square
best-fit line.

a Bayesian model used by ( ) for fitting a linear regression model to astronomical
data that accounts for measurement errors in both the x and y-axis direction. It also allows
for heteroscedastic data and intrinsic scatter in the regression relationship. The method
is based on deriving a likelihood function for measured data, using a mixture of Guassian
functions which are drawn from the posterior distribution using Markov Chain Monte-Carlo
(MCMC), implemented using the Gibbs sampler (e.g., see , ) algorithm.
The MCMC simulates a random walk through the parameter space, saving the locations

of the walk at each iteration which eventually converges to the posterior distribution.
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Fitting Y;0) D% — 0, galaxy cluster scaling relations

Here we present all the results along with methods used to find the scaling relation pa-
rameters of Yso0D% — 0,. From our mock Yo measurements we generated the Yoo errors
by applying a fractional error of 0.2 that is typical of the error bars on real ACT SZ Y
measurements (e.g., see , ). The 0.2 we adopted comes from the low
S/N of the SZ detections, typically ~ 5, and the size of the errors of Ysqo vary with scale of

SZ Y500 S/N. The mock Y500 measurement were scattered within the fractional error values.

To fit the scaling relation between SZ signal (Ys00) and the 1D velocity dispersion
(0y), we used a Python port of the ( : ) LINMAX-ERR IDL package (https:
//github.com/jmeyers314/linmix). The code uses a Bayesian approach to linear regres-

sion, assuming a likelihood function of the form
n=a+pf&+e (4.2)

for the measured data, where, (a, ), are the regression coefficients, ¢; is the intrinsic
random scatter about the regression 7;. The values of (§, 1) are not the actual observational
measurements but instead
Oy =& + €4 (4.3)
and
Y500 = mi + €y (4.4)

are the actual measurements from the mock cluster catalogue data, €,; the measurement
error in o,, and ¢,; is the measurement error in Yspp. € is assumed to be normally-

distributed with mean zero and the variance of € is assumed to be constant. The errors are

2 2 The distri-

o2 . and covariance o>

also normally-distributed with known variances o ;, oy ; it

bution of ¢ is modelled as a mixture of normals, with group proportions 7, means u, and 72.

Following the assumptions of Equation 4.2, 4.3 and 4.4, a Bayesian inference is em-

ployed by running the linmux algorithm on the simulated data. The code runs ~ 1000
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iterations of a MCMC to produce samples from the posterior distribution of the model,
given the observed data of o, and Y;q, and it automatically compares the variance of
sample parameter between chains to the variance within single chains to determine if con-
vergence has been reached and stop. Convergence is monitored using the potential scale

reduction factor (Gelman et al. 2004, described in much more detail and references therein).

The model for fitting a linear regression straight line to data that we used is described
in much more detail in ( , , and references therein). Figure 4.2 - 4.9 show the
scaling relations and fits to mock cluster samples of various sizes, observed with 1-4 slit
masks. The blue dashed line is a the best fit to the data, the black circle dots represent
the clusters, vertical and horizontal lines on the dots are error bars for the corresponding
parameters; Ysoo the SZ signal from MGSs integrated within Rsq and o, our estimated 1D
velocity dispersion. From the linear regression plots, in Figure 4.2 - 4.9, we get a scaling
relation equation of this form

0-1) Brec
Yso0 D% (R™% Mpc®) = 10 (m) ; (4.5)

with units (h=2 Mpc?) for (Ysg0) and (km s7!) for (o,) as shown in plots (Figure 4.2 - 4.9)
and Equation 4.5 above, where A,.. and B,.. is the recovered values of the normalisation

and slope respectively, 700 km s~! is the pivot value of o, and we set the Ysq, pivot value

to 1.

Table 4.1 and 4.2 show the summary of all Y309D% — 0, relation fit parameter results,
derived from a hierarchical Bayesian model for fitting a straight line to data with error
values. The 1% column shows the number of masks placed on each cluster from 1-4 re-
spectively. The 2" column shows the number of cluster members (Negus), the 3¢ and 4"
column shows the recovered values of the normalisation (A,..), and the slope B,.. along
with their uncertainty measurements (AErr, BErr) for normalisation and slope respectively.
The uncertainties were marginalised with 68 per cent confidence (1-sigma) on each param-

eter, derived using MCMC. Table 4.1 shows all the results for Figure 4.2, 4.4, 4.6 and 4.8,
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where initially 26, 51, 69 and 90 clusters were randomly selected from the simulated MGSs
cluster catalogue, and all the measurements were done for the sample with 100% redshift
completenesss. For a more realistic case we use the SALT redshift success rate and these
results are are all shown in Table 4.2 and Figures 4.3, 4.5, 4.7 and 4.9. The same sample
of clusters was used and also same number of clusters were randomly selected clusters as
in Table 4.1, the only difference being the 2z succcess rate. In the first row of Table 4.2,
we can see the uncertainty on the recovered value of B,.. is very high, because there was
no convergence on this particular set of simulated data. Clearly, observing more than 15
clusters with 1 mask is needed to constrain the slope of the Yso0D?% — o, scaling relation

in a meaningful way.

Figure 4.10 and 4.11 show the ratio of the fractional difference between B,.. and By,
plotted against the number of clusters for a fixed number masks 1—4. B,.. represents the
recovered slopes from linear regression Bayesian model fitted to simulated mock cluster
data (see, Table 4.1 and 4.2 for all the parameter values of B,..) and By, = 5.29 is the
slope measured directly from the MGSs cluster catalogue (see, Figure 4.1). Figure 4.10
shows that even with 100% redshift completeness, observations of more than 50 clusters
are required to reduce the bias in the recovered slope to < 10 %. Observations of smaller
samples, even with 4 masks per cluster, result in a larger bias in the recovered slope. In
Figure 4.2 we can see that for the realistic case it will be reasonable to place 3 fixed masks
for each of the 37 clusters, or if you have between 40 - 50 clusters to place 2—3 masks, or
1 mask for 55 clusters to have a good measurement of Ys00D% — o, for real observations
on SALT for ACT SZ selected galaxy clusters. For other measurements we can see that
the fractional difference is close to 10% or more with huge uncertainty measurements. In
Figure 4.11, we can see that if we have less than 37 clusters, there is a large (~ 30%) bias

in the recovered slope.
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Table 4.1: The best-fit Y500D?% — o, scaling relation parameters assuming 100% redshift z

completeness (see text for more details).

Masks | Ngjus A+AErr BE+BErr
1 21 | -5.240+0.163 | 6.564+2.574
1 33 | -5.242+0.091 | 5.093£1.427
1 45 | -5.32740.068 | 5.377£0.888
1 64 | -5.282+0.058 | 5.029+0.656
2 19 | -5.373+0.078 | 4.84040.872
2 36 | -5.309£0.060 | 4.743+0.785
2 50 | -5.318+£0.048 | 5.352+0.502
2 61 | -5.296£0.048 | 5.200+0.607
3 19 | -5.39440.066 | 4.458+0.704
3 35 | -5.335£0.045 | 4.167+£0.581
3 50 | -5.276£0.041 | 5.028+0.443
3 65 | -5.287£0.038 | 4.899+0.477
4 20 | -5.406£0.073 | 4.560+£0.787
4 33 | -5.314£0.047 | 4.612+0.634
4 51 | -5.307£0.043 | 4.878+0.431
4 67 | -5.272£0.042 | 5.156+0.536
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Table 4.2: The best-fit Ys00D?% — 0, scaling relation parameters, assuming redshift z com-
pleteness as a function of magnitude as in Kirk et al. (2015) where we applied the SALT

redshift z success rate (see text for more details).

Masks | Nejus A+AErr BEBErr
1 15 | -5.053+3.162 | 11.8744+120.019
1 30 | -5.338£0.134 | 3.75041.665
1 34 | -5.32440.133 6.030+2.982
1 55 | -5.352+0.090 | 5.156+1.119
2 17 | -5.341+0.172 |  6.306+£3.076
2 34 | -5.41540.076 4.32441.009
2 44 | -5.413£0.070 | 5.32840.766
2 56 | -5.332£0.069 | 4.93340.842
3 17 | -5.45440.096 | 4.266+£0.847
3 37 | -5.307£0.087 | 5.084+1.357
3 46 | -5.368+0.062 | 5.17340.755
3 68 | -5.310£0.065 | 5.673+0.879
4 16 | -5.3984+0.099 | 4.135+0.936
4 33 | -5.358+0.070 | 3.99941.022
4 48 | -5.358+0.054 | 4.854+0.606
4 65 | -5.265£0.068 | 6.08240.927
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Figure 4.7: Y500D% — 0, scaling relation for when about 69 clusters were randomly selected

initially and we applied the SALT z success rate from galaxies which selected as cluster
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Figure 4.8: Y500D% — 0, scaling relation for when about 90 clusters were randomly selected

initially, with 100% z completeness of all galaxies selected to be cluster members.
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Figure 4.9: Y500D?% — 0, scaling relation for when about 90 clusters were randomly selected

initially and we applied the SALT z success rate from galaxies which selected as cluster

members.
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CHAPTER b

Conclusion

Cluster of galaxies remain of great current interest due to the large number of fundamental
questions concerning their formation and evolution which stand unanswered, even after
many years of observational and theoretical scrutiny. The study using the SZ effect re-
quires a well calibrated SZ - observable scaling relation in order to constrain cosmological
parameters. To extract cosmological parameter estimates from cluster catalogues requires
knowledge of cluster mass. Since mass is not directly observable we have to use the observ-
able quantities as proxies to probe cluster mass. Multiple studies have highlighted the fact
that the line-of-sight velocity dispersion of galaxies within clusters may be used to measure
galaxy cluster masses (e.g., , ; , ; , ;

, ; , ). The motivation to use velocity dispersion as a mass
proxy for galaxy clusters stems from the fact that the galaxy dynamics are unaffected by

the complex physics of the intracluster medium (ICM).

N-body/Hydrodynamic models of clusters formation and evolution have improved sig-

nificantly in recent years, to a point that realistic comparisons can now be made between
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theory and observations. Cluster masses can be predicted by numerical simulations of
structure formation; here, we used N-body/Hydrodynamic simulations from the Millen-
nium Gas project (MGSs; described in Section 2) to make realistic mock cluster catalogues.
In Section 3.3 we explored the impact of the bias when determining cluster membership in
order to make measurements of the velocity dispersion, and we found that the recovered
velocity dispersion is almost unbiased (1.5—2%) but with much bigger scatter (12—20%).
We then used recovered o, to estimate cluster dynamical mass using the scaling relation
from ( ). We found that individual cluster mass measurements could
be overestimated by up to ~ 30%, but that if we applied more masks, the bias could be
decreased to ~ 11%.

For MOS observations, the investment of telescope time is quantised in terms of how
many masks to allocate to each cluster observation. The optimisation problem is, therefore,
to allocate the observation certain number of masks across a certain number clusters so as
to minimize the uncertainty on the scaling relation parameters. The recovered slope (B..)
is converging towards the value of true slope Bj... as the number of cluster is increased,
although there is still some bias (at the < 10% level for 100 % redshift completeness).
Considering our final results (Figures 4.10 and 4.11), we conclude that for a fixed amount
of telescope time, it is better to get lower quality velocity dispersion measurements for a
large sample of clusters, rather than a small number of high quality observations of a small

number of clusters, if the quantity of interest is the slope of the scaling relation.
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