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Abstract

Thestudy of Dark Matter, X-ray emitting intra cluster gas and the galaxies in Galaxy Clusters

provides insight into the interplay between baryonic and Dark Matter. By relating observables to

mass, scaling relations can be used to constrain cosmological parameters, and probe the global

properties of the cluster population. Comparison of multi-wavelength observations can reduce

systematics associated with different mass probes, and allow us to decipher the recent structural

evolution of the clusters. With future, large scale surveys of clusters providing catalogues of

thousands of clusters, new methods must be developed to efficiently analyse and catagorise the

observed cluster population.

In this thesis I describe a statistically robust, standardised multi-wavelength study on 21

X-ray luminous cluster cores at 0.15< z < 0.3, spanning X-ray to near Infra-Red (IR) wave-

lengths. As part of this study I present a detailed structural analysis of 21 clusters using weak

lens (WL) analysis of SNAPSHOT data from the Hubble Space Telescope Advanced Camera

for Surveys. Substructures found in the "non-parametric" lensing mass maps are compared with

K-band luminosity maps, and Chandra X-ray flux maps. Using the near-IR data as a prior on

both the location and mass of substructures within the clusters, I then use a Bayesian method

to fit multiple parameterised Dark Matter (DM) haloes to the shear data. I then use mass-

observable scaling relations to explore segregation in cluster properties between cool core and

non cool core clusters, relate the DM model properties to X-ray indicators of dynamical state,

and discuss in-depth two clusters that exemplify the ability of my algorithm to efficiently iden-

tify ’bullet’ type clusters and constrain complex DM structure of group and cluster scale objects.
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This work shows that the spatial distribution of the gas, galaxiesand DM is better con-

strained than the weak lens masses, which suffer a low mass bias due to systematics in the shear

smoothing algorithm. However, by assuming a constant bias for a constant smoothing scale, I

find that the K-band luminosity scales with mass similarly to the X-ray luminosity, suggesting

a link between X-ray luminosity and red light in cluster cores. I find that the mass substruc-

ture fraction distribution suggests that the cluster population selected by X-ray luminosity is

consistent with that with SL features. An in-depth study suggests that this algorithm may be

capable of detecting clusters with strongly disturbed mass distributions worthy of further study

(A 3364). For instance, in my analysis I have detected the weak lens signal of a galaxy group

outside the HST:ACS field of view (A 3192). I conclude that the analysis algorithm in this the-

sis could be useful in the large batch analysis of cluster observations from future, large scale

surveys, such as PANSTARRS and DES, and could also be applicable to efficiently constructing

cluster samples for future observations from archival data.
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Chapter 1

Introduction

The vast majority of matter in our Universe is not contained in stars, galaxies or intergalactic

gas clouds; it does not emit light, and can only be detected through its gravitational influence

on the space around it. For this reason it is called dark matter (DM). In 1933, Zwicky applied

the Virial theorem to the Coma Cluster, and found a discrepancy between the mass predicted

by galaxy dynamics compared to that predicted by the light. He concluded that there must be a

hidden mass component to make up the shortfall (Zwicky, 1933, 1937b). Later studies on the

rotation curves of galaxies (Rubin & Ford, 1970; Rubin et al., 1980), showed that the speed of

the stars on the edge of galaxies did not drop off as expected given the galaxy mass predicted

from the luminosity distribution, providing more evidence for the existence of an invisible mass

component. DM is now understood to comprise 80% of the mass in our Universe, forming the

framework upon which galaxies and gas collect into groups and clusters. Understanding the

distribution of DM and its relationship with the distribution of baryonic matter is vital in under-

standing the evolution of large scale structure.

The use of the gravitational impact to constrain the DM distribution in large structures con-

tinues today, principally via a technique called gravitational lensing (GL). A natural result of

relativity, GL occurs when the geodesics along which light travels are distorted by the gravita-

tional field of a mass lying along the line of sight. Instead of the original source, the observer

sees a distorted and deflected image. Using knowledge of the source, and measurements of the

deflection, the mass distribution in the lens can be reconstructed.

The strength of the distortion depends on how large the lens is and where the source lies

1
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Figure 1.1: Strong lensing arc and multiple images around A370.The image is taken from the NASA public image
gallery. (Credit: NASA, ESA, and the Hubble SM4 ERO Team and ST-ECF)

in the lens geometry. The Strong Lensing (SL) regime covers the creation of large, spectacular

arcs (Fig. 1.1) and multiple images of background sources. Analysis of the shape and position

of the arcs and images can probe the distribution of DM within 100kpc, in the cores of galaxy

clusters. The Weak Lensing (WL) regime covers slight distortions in the images of background

galaxies, where a statistically significant shear signal can only be obtained by averaging over

the ellipticities of many images. Careful analysis of large catalogues of background galaxy im-

ages allows the mass distribution of a lens to be constrained within radii up to several Mpc, the

scale of galaxy clusters.

Galaxy clusters are the largest gravitationally bound structures in the Universe today, and

the only mass distributions large enough to produce a weak lensing signal capable of providing

detailed constraints on individual cluster DM structure. Their large size means that the inter-

play between the baryonic and Dark Matter components of the clusters is easier to infer from

the distributions and properties of the cluster galaxies, gas and Dark Matter. The cluster mass
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function is closely linked to the density perturbations in the early Universe, and can provide

constraints on the structure formation and Dark Energy. Accurately probing the matter distribu-

tion in galaxy clusters with weak lensing not only provides insight into the nature of the most

mysterious and dominant matter component in our Universe, but can also contribute to deter-

mining how the Universe evolved after the Big Bang.

In this introduction I will briefly cover the Standard Cosmological Model, the history of

the Universe, the impact of Dark Matter (DM) on the formation of structure, and how galaxy

clusters represent ideal laboratories to study the nature of DM. For further reading, please see

Narayan & Bartelmann (1996); Mellier (1999); Bartelmann & Schneider (2001); Schneider

(2006a); Bartelmann (2010); Massey et al. (2010).

1.1 Cosmological Model

The physics of galaxy and cluster formation must be studied and understood within the frame-

work of the evolution of structure in our Universe as a whole. Understanding how galaxies fall

into groups, which fall into clusters, and the interplay between baryons and DM in the pro-

cess, necessarily demands an explanation of why matter clumps together in the first place, and

how the filamentary structure in the Universe came into being. This cosmological history is

described by the Standard Model.

Observations, such as of the distribution of faint galaxies and the Cosmic Microwave Back-

ground, suggest that on large scales, the average properties of the Universe appear the same in

every direction . This means the Universe has no preferred direction, and isisotropic. If we

assume that the Earth is not at any favoured point in the Universe, then this isotropy must be

true for an observer at any position in space. This means the Universe is alsohomogeneous. In

order to construct a cosmological model, a space time metric is required that is motivated by
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these two postulates, and forms a solution for Einstein’s field equations,

Gαβ =
8πG
c2

Tαβ +Λgαβ (1.1)

which relate the gravitational tensorGαβ to the stress-energy tensorTαβ and the space time

metric tensorgαβ. TheΛ factor was originally known as the Cosmological Constant, added

by Einstein to ensure a static, infinite Universe remained a possible solution. However, the

expansion of the Universe was observed in the 1920s by Hubble (Hubble, 1929). By noting a

Doppler shift in the spectra of distant galaxies, Hubble realised that the recession velocity of

distant galaxies was proportional to the distance to that galaxy. As the space through which

the light ray is travelling expands, the wavelength of the light is stretched, resulting in the light

appearing redder. The relation is given by Eq. 1.2,

ν = H0D (1.2)

whereH0 is the value of the Hubble Constant at the present time, andν andD the recessional

velocity and distance to the object. The Hubble Constant varies as a function of the scale factor,

a(t), which describes the size of the Universe as a function of time,

H(t) =
ȧ
a

(1.3)

The shift Hubble observed is called theredshift, usually denotedz. It describes the extent to

which the observed wavelength differs from the emitted wavelength,

z =
λobs

lambdaemit
− 1 (1.4)

and as the change in the observed wavelength due to expansion is related to the scale factor, this

can be rewritten asz = aobs
aemit

− 1. The scale factor can be normalised such thataobs = a(0) = 1, and

we obtain,

z =
1
a

− 1 or a = (1+ z)−1 (1.5)

So not only must the space time metric abide by isotropy and homogeneity, it must also allow

for the expansion of the Universe over time. The basis of such a metric is the Robertson-Walker

Metric (Eq. 1.6) (Robertson, 1935; Walker, 1935),

ds2 = c2dt2 + a2(t)dl2 (1.6)
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wheredl is defined as the spatial line element. This metric satisfies homogeneity and isotropy

regardless of whether the geometry of the Universe is curved or flat. Usingw as the comoving

radial coordinate andθ,φ to denote positions on a unit sphere around the observer, the geometry

can be expressed as,

ds2 = c2dt2 − a2(t)[dw2 + F2
K (w)(dθ2 + sin2θdφ2)] (1.7)

whereds is the proper time experienced by the observer,dt the time within the coordinate

frame. Homogeneity and isotropy in combination with this metric allow for non flat Universes,

andFK is a function of the curvature of space time att = 0, K,

ds2 = c2dt2 − a2(t)[dw2 + f 2
K(w)(dθ2 + sin2θdφ2)]FK(w) =





K− 1
2 sin(K

1
2 w) K > 0

w K = 0

|K|− 1
2 sinh(|K| 1

2 w) K < 0

(1.8)

WhenK is negative, zero or positive the curvature is called hyperbolic (open), linear (flat) or

trigonometric (closed) respectively. When Eq. 1.7 is used as a solution to Eq. 1.1, the field

equation simplifies to Eq. 1.9 and Eq. 1.10 (where the stress-energy tensor is described in terms

of pressure,p(t), and density,ρ(t)) (Friedman, 1922; Friedmann, 1924),

(
ȧ
a

)2

=
8πG

3
ρ−

Kc2

a2
+

Λ

3
(1.9)

ä
a

= −
4πG

3
(ρ+

3p
c2

) +
Λ

3
(1.10)

CombiningEq. 1.9 and Eq. 1.10 gives theadiabatic equation, Eq. 1.11. If the scale factor

a(t) and metricds satisfy the adiabatic equation and Eq. 1.9 then the metric is known as the

Robertson-Walker-Friedmann-Lemâitre metric,

d
dt

[a3(t)ρ(t)c2] + p(t)
da3(t)

dt
= 0 (1.11)

ρ(t) and p(t) describe the total matter density and pressure of the Universe. They are the sum

of density and pressure contributions from the three major matter-energy components of the

Universe: relativistic matter, non-relativistic matter, and the vacuum energy of the Universe.
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Relativistic matter, more commonly called radiation, and including light, travels with thermal

velocities close the the speed of light,c. Using the equation of state for radiation,pr = ρc2/3, in

the adiabatic equation, the radiation density can be related to the scale factor, as in Eq. 1.12,

ρr ∝ a−4 (1.12)

Matter that travels at velocities much less than the speed of light includes baryons, from which

the visible matter in the Universe is made, and Cold Dark Matter (CDM), which will be ex-

plained below. As the velocities are much smaller than the speed of light, the pressure term of

the adiabatic equation is negligible compared to the term containing the speed of light and the

density. This reveals that the mass density is related to the scale factor by,

ρm ∝ a−3 (1.13)

Quantum physics implies that the vacuum can also have a non zero energy density. Such an

energy density would have a constant and negative pressure,pΛ = ρΛc2 which would accelerate

expansion. After expansion was discovered in the 1920s, Einstein rejected his Cosmological

Constant. However, ifρ = ρm + ρr + ρΛ and p = ρrc2/3− ρΛc2 are substituted in the Friedmann

equations a term like the Cosmological Constant reappears. Today,Λ is used to refer the vac-

uum energy density, whereρΛ = Λ/8πG, and the vacuum energy is more commonly known as

Dark Energy (DE).

The critical density of the Universe is defined asρCR = 3H2
0/8πG, and using this obtain

dimensionless matter densities,ΩM,ΩR andΩlambda, at the current epoch. The fate of the uni-

verse and these total matter densities are quite closely related. The curvature is described by

K ≃ (H0/c)2(ΩM +Ωλ − 1) (the radiation density at the current epoch is negligable compared to

the matter density, and neglected). WhenK = 0, ΩM + Ωλ = 1, the Universe is flat and expands

forever. If K is less than 1, then the Universe is open, and also expands forever. If K is greater

than 1, then the Universe is closed and will eventually contract in on itself due to gravity over-

coming the expansion.
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Observations of the Cosmic Microwave Background Radiation (CMBR) by the Wilkin-

son Matter Anisotropy Probe (WMAP) (Bennett et al., 2003a,b; Spergel et al., 2003; Hinshaw

et al., 2007, 2009; Komatsu et al., 2009) have established that the Universe has a total density of

ΩM +Ωλ = 1 within a 0.5% error. This means that the curvature of the Universe is zero, and that

the Universe is flat: it will expand for all eternity. This conclusion holds when combined with

constraints from type 1a Supernova observations (Komatsu et al., 2009), Baryonic Acoustic Os-

cillations (BAO) (Miller et al., 1999; Eisenstein et al., 2005) and the constraints onH0 from the

Hubble Key Project (Freedman et al., 2001). Using the conclusion of a flat Universe, the WMAP

5 year results suggest that the Universe has a DE density ofΩλ = 0.726±0.015 and a matter

density ofΩMh2 = 0.1358+0.0037
−0.0036. Baryons make up a mere 5% of our Universe, while DM only

22%. For the flat Universe, the Hubble constant has been constrained to 70.5±1.3kms−1Mpc,

and the age of the Universe to 13.72±0.12Gyr. Thus we live in a DE dominated Universe, and

the majority of matter is invisible to us.

While this model satisfactorily describes the large scale, averaged properties of the Uni-

verse, it fails to describe why there is so much inhomogeneity on small scales. Why, if the

Universe is homogeneous and isotropic, do structures like galaxies, clusters and filaments exist?

1.2 Structure Formation

The Universe is believed to have begun with an event called the Big Bang, a period of rapid ex-

pansion during which space time and all the components of the Universe were created. Evidence

for the Big Bang comes from the fact the Universe is expanding, and the lack of observational

evidence for collapse in the past, and from observations of the CMBR. The matter density of

the Universe can be written asρ = ρm,0a−3 + ρr,0a−4. Assuming that at the Big Bang the scale

factor reaches zero, then immediately after the Big Bang the Universe was dominated by ra-

diation. When the radiation and mass densities were in equilibrium, the photons that were no

longer being absorbed propagated through the Universe as radiation. A prediction of the Big
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Bang theory is that this radiation would match the blackbody model, would persist through ex-

pansion on cosmological timescales, and should be observable in the modern Universe. The

existence of the CMBR was confirmed in the 1960s (Penzias & Wilson, 1965). Observations of

the CMBR (Hinshaw et al., 2009; Komatsu et al., 2009) have shown that it is isotropic over large

scales, with relative photon temperature fluctuations< 10−5. The temperature of the CMBR re-

flects the temperature of the Universe, and decreases over time and expansion by a factor of

(1+ z). Therefore, as we travel back in time, the scale factor tends to zero, and the Universe gets

hotter.

Although true on large scales, isotropy clearly does not hold on smaller scales, as stars,

galaxies, galaxy clusters exist. The anisotropies in the CMBR suggest that modern structures

evolved from random Gaussian fluctuations in the primordial Universe. So there must be some

process by which current large structures evolved and grew from these initial density fluctua-

tions as the Universe expanded. Linear growth is used to explain the existence of small scale

structures, as small scale inhomogeneities had higher local densities than the surrounding space,

and expanded slower, becoming comparatively more dense and centres of attraction for the mass

around them.

However the evolution of galaxy and cluster scale structures is best described by non linear

fluctuation growth models, although these are usually very complex and cannot be solved an-

alytically. A simple example that can be described is spherical collapse. Consider a sphere of

matter in the early Universe. The gravitational attraction of the matter within the sphere means

it recedes more slowly than the matter outside the sphere. Thus the density contrast between the

matter within the sphere and the matter around it increases. At some point this contrast reaches

the point where the gravitational attraction at the centre of the sphere is stronger than the pull

of the expansion and the matter at the centre starts to collapse. The collapse then spreads to the

outer regions of the sphere. Smaller objects collapse and form first near the centre, with larger

objects forming later. This is the basis for the model of hierarchical assembly. Anisotropies in
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Figure 1.2: CDM filamentary structure from the Millenium Simulations(Springel et al., 2005). Clusters lie
in the dense centres, yellow in this image, with smaller structures infalling along the filaments. Image Credit:
(http://www.mpa-garching.mpg.de/ mpa/research/current_research/hl2004-8/hl2004-8-en.html)

the distribution of the matter within the sphere will result in the formation of substructures.

Further evidence for DM comes from the formation of structure in our Universe. For a

baryon only Universe, structure formation would not have been possible until the Universe was

cool enough for the first atoms to form. Assuming linear or non linear growth, the size of the

anisotropies in the CMBR are too small to have grown into the galaxy and cluster scale struc-

tures evident in the modern Universe within the time from that epoch until now. A further mass

component is needed to accelerate structure growth. As DM is expected to only interact grav-

itationally, it would have started collapsing before the first baryonic atoms formed. Thus DM

formed a scaffold for the baryons to collapse onto once atoms were formed (Fig. 1.2).

The nature of the DM can further be constrained by observations of structure in the Universe

today. DM can be divided into two possible types: Hot Dark Matter (HDM) with relativistic
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velocities, and Cold Dark Matter (CDM) with non relativistic velocities. HDM structure forma-

tion models result in the formation of large structures first, as the fast moving HDM particles

smooth out smaller structures. Observations show galaxies forming when the Universe was

only 10% of its current age (Bouwens et al., 2011), in conflict with this model. CDM is now

considered to be the dominant component of DM.

1.2.1 Dark Energy

Dark Energy (DE) also impacts structure formation. The isotropy seen in the distribution of

faint galaxies found in redshift surveys and in the CMBR on large scales requires that the hori-

zon size of these regions at the epoch of recombination was connected. This means that the

horizon size was small enough that information could have been transmitted across the space

within the horizon size within that time epoch. However, assuming linear expansion suggests

that the horizon size at that is too large to be connected: the matter on one side could not have

been connected with the matter on the other side and thus there is no reason for isotropy to

hold. Inflation is the theory that the vacuum energy density is non zero, and dominated the

very early Universe. The negative pressure resulted in a period of inflationary expansion, al-

lowing a small, connected horizon size at the epoch of recombination to grow to the large scales

on which isotropy and homogeneity hold today. DE is described in modern cosmology using

an equation of stateω, which relates pressure to density. WMAP has constrained this value

to −0.14< 1+ ω < 0.12(95%CL), whereω = −1 represents a constant Cosmological Constant.

Constraining the nature of DE will not only shed light on structure formation and the physics of

inflation, but also determine the ultimate fate of our Universe.
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1.3 Galaxy Clusters

The largest structures formed by hierarchical assembly are formed from the oldest galaxies,

and due to their long formation history, reflect the matter properties of the Universe at the time

of the start of their formation. These are galaxy clusters, the largest virialized structures at

the current epoch. The earliest clusters have been observed at redshifts of 1.4− 1.6 (Jee et al.,

2009; Brodwin et al., 2011; Santos et al., 2011). Clusters are made of three components: gas

and galaxies, both baryonic forms of matter, residing within a large DM potential. Only 1%

of a cluster’s mass is in its galaxies: the X-ray emitting gas in cluster, called the Intra Cluster

Medium (ICM), provides∼ 10% of the mass, and the remainder is made up of the invisible

Dark Matter. Because of their size and the long time scales involved in their formation, clusters

are very rare, sitting at the junctions between filaments of DM carrying much smaller structures

such as groups and individual galaxies.

Their size and complexity results in clear signatures in multiple observational methods, al-

lowing the study of different physical processes within the clusters, which can be combined to

interpret how these processes impact each other and overall cluster and galaxy evolution. As

rarities clusters can be treated as isolated systems, acting as laboratories for testing predictions

based on Cold Dark Matter (CDM) simulations and hierarchical assembly. With high overden-

sities of galaxies, gas and DM, clusters are useful for studying galaxy evolution and DM-baryon

interplay. Their number densities reflect the power spectrum of density fluctuations in the early

Universe and can be used to constrain cosmological parameters such as the amplitude of den-

sity fluctuations,σ8, at t = 0, and the DE equation of state,ω (Press & Schechter, 1974; Viana

et al., 2003; Voit, 2005). By constructing a cluster mass function, cosmologists can test dif-

ferent cosmological predictions against the observed cluster abundances. Constraining these

parameters requires accurate mass determination of clusters in order to obtain the cluster mass

function. Cluster masses are observed using mass-observables, such as X-ray temperature or

luminosity, and masses obtained from these using models with assumptions on the dynamic

state of the cluster, or scaling relations. For example, Vikhlinin et al. (2009) used the X-ray
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masses of 37 clusters, in combination with WMAP, BAO and the supernova studies mentioned

previously, to improve constraints on the Dark Energy equation of state,ω, by factors of 1.5

and 2 for statistical and systematic errors respectively. However, if there is scatter in the scal-

ing relations relations, from measurement error or the impact of dynamical state and physical

processes within the cluster, the cluster mass function will be biased, as will the derived cosmo-

logical parameters. It is thus important not only to accurately constrain cluster masses, but also

to determine the sources of scatter in the mass-observable scaling relations.

1.3.1 Cluster Galaxies

Galaxies and clusters were first detected by William Herschel in the 18th century. At this point

telescopes could only show the clusters and galaxies as diffuse luminous regions. It wasn’t until

the 20th century that optical surveys in the 1950s (Abell, 1958) spurred research into galaxy

clusters and their matter distributions. Abell searched for overdensities in the galaxy distribu-

tion, and defined clusters based on the magnitude and number of galaxies within a radius of

∼ 1.5h−1Mpc. This is today known as the cluster richness, with clusters having a richness of 30

or more galaxies with magnitudes brighter than the magnitude of the third brightest galaxy plus

1.

Hierarchical assembly states that smaller structures form first. Baryons fell into the initial

gravitational wells established by DM and these co-evolved into the earliest galaxies. As clus-

ters take so long to form the large, passively evolving elliptical galaxies at the centre of clusters

are among the oldest in the Universe. They are called early type galaxies (ETGs). Star formation

(SF) in these ancient galaxies has longed been diminished by their morphological transforma-

tion and surrounding environment, and as result they have a higher fraction of old, red stellar

populations (Kauffmann et al., 2003). The galaxy colour can be detected by comparing the

magnitudes from two different band filters. Due to their red stellar popultaions, ETGs form the

Red Sequence on a colour-magnitude diagram (Fig. 1.3.1), useful for identifying galaxy clus-

ters in the field (Gladders & Yee, 2005; Gladders, 2004; Demarco et al., 2010; Gilbank et al.,
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Figure 1.3: Example of the red sequence on a colour-magnitude diagramfrom Gladders (2004). The red sequence
is shown bounded by the two diagonal lines. The grey arrows represent the typical positions of background galaxies
to the cluster, and the white arrows represent the typical positions of foreground galaxies to the cluster. The cluster
used is constructed of galaxies within 0.5h−1Mpc of the cores of∼ 40 low redshift, X-ray selected, Abell clusters.

2011). On the edges of clusters, at a few Mpc, lie infalling spirals. Close to the centre of the

DM potential well will lie the brightest cluster galaxy (BCG).

Galaxies in galaxy clusters are subject to gravitational stresses and harassment that galaxies

in the field are not. As a cluster grows richer and more compact, the denser and crowded internal

environment of the cluster contributes to the morphological transformation of galaxies as they

fall through the core, thus lowering the fraction of spirals (Dressler et al., 1997; Bahcall, 1999).

As mentioned above, an indicator of this processes is quenching of star formation, resulting in

dominance of older stellar populations on the galaxy light, and a redder colour. The closer to

the core, the brighter and redder the cluster galaxies, and as a result the Red Sequence is tilted

downward at fainter magnitudes. Galaxy-galaxy interactions are more likely than mergers in

clusters due to the high velocity dispersion, and these, in combination with the tidal effects of

the cluster potential, strip and truncate the DM haloes of cluster members, observed by study-

ing the weak lensing signal of cluster members and the cluster itself (Natarajan et al., 2002;

Limousin et al., 2007a; Natarajan et al., 2009). These environmental processes, including ram
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pressure stripping of the cold, inter stellar gas from infalling galaxies by the cluster hot X-ray

emitting gas and mutual harassment between galaxies flaring and quenching star formation, re-

sult in a unique environment that impacts galaxy evolution and morphology.

Identifying and studying clusters using the galaxy distributions suffers from issues such as

projection effects, which can only be alleviated using expensive redshift surveys or multiple

filter imaging to create red sequence diagrams. Galaxies also only account for∼ 1% of the

mass in clusters. As galaxies are expected to reside in DM gravitational potentials, it follows

that mass should follow light, but to understand all the process affecting structure formation and

evolution in clusters, the X-ray emitting gas and DM distributions must be constrained.

1.3.2 The Intra Cluster Medium

The Intra Cluster Medium (ICM) consists of hot, X-ray emitting gas that surrounds the cluster

galaxies. Clusters were first detected at X-ray wavelengths in the 1970s, (Forman et al., 1972;

Gursky et al., 1972), and are now known to be some of the brightest X-ray emitters in the Uni-

verse. The hot gas that permeates the space between the clusters galaxies emits Bremsstrahlung

radiation. During infall into the cluster core, the gas is shock heated toTX ∼ Tvir ∼ 1− 10keV,

or 2− 100×106K(Mushotzky, 2004). X-ray emission goes as the density of the gas squared,

so large clusters will have extremely bright X-ray temperatures compared to smaller clusters.

As a result, X-ray surveys suffer far less from projection effects compared to optical surverys,

and have become one of the most reliable methods of detecting clusters (Vikhlinin et al., 1998;

Ebeling et al., 2000), with a high degree of completeness compared to the contamination that

plagued optical surveys.

The ICM gas is expected act as a fluid, whereas the cluster galaxies and DM are expected

to act as collisionless particles (Markevitch et al., 2002). This means that during a merger the

galaxies and DM will only interact gravitationally, while the ICMs of each merging component
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will impact each offer. The offset between the BCG and the peak of the X-ray distribution, and

deviations of the X-ray temperature profiles from symmetry, can give a strong indication of the

dynamical state of the cluster (Sanderson et al., 2009). Other features of the ICM can be used

to catagorise clusters and act as possible indicators of dynamical state. A cooling flow occurs

as when the emission of X-rays causes the gas in the centre of the cluster to lose energy and

cool (Fabian, 1994). A cluster with such a region of cooling gas is called a ’cool core cluster’.

While mergers and significant substructure infall may disrupt the cooling flow and the associ-

ated cool core, it has been suggested that the cool core survives or reforms afterwards (Poole

et al., 2006). Studying cool core clusters with evidence of merging and recent infall can provide

greater understanding of the interaction between the baryonic and non baryonic components in

clusters.

Both the X-ray temperature and X-ray luminosity scale with total cluster mass. Using the

virial theorem,TX ∝ M2/3
vir , while LX ∝ M for masses at fixed overdensities (Kaiser, 1986).

Assuming spherical symmtery and hydrostatic equilibrium,∆P = ρgas∆φ, whereφ is the gravi-

tational potential,P the pressure andρgas the density of the gas. X-ray observations of the ICM

radial profile can be used to constrain the mass of clusters (Sarazin, 1988; Voit, 2005; Vikhlinin

et al., 2006). These assumptions require that the radial profile of the ICM is the same in every

direction from the peak of the X-ray emission, and that the gravitational compression of the

gas is matched by the pressure of the gas. However, the X-ray properties of clusters are not

only impacted by gravitational heating. Strong shock fronts in merging clusters, such as in the

Bullet Cluster (Markevitch et al., 2002) and the impact of bulk gas motions in cluster outskirts

provide non-thermal pressure support on large scales (Rasia et al., 2006; Nagai et al., 2007), re-

sulting in the X-ray mass being underestimated. This is a critical issue when masses from X-ray

temperatures are used to construct the cluster mass function, and thus constrain cosmological

parameters. The impact of the dynamical state of the cluster on this function needs to be tested

using alternate mass probes if X-ray masses are to be used to probe cluster physics.
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1.3.3 Dark Matter in Galaxy Clusters

DM is the dominant mass component of galaxy clusters. Under the CDM paradigm, DM is

currently considered collisionless, with very low self and baryon interaction cross sections. The

main impact on the galaxies and gas is gravitational, the DM forming a deep potential well in

which the baryonic components reside. The overall cluster DM profile is predicted, from CDM

only simulations, to follow a universal profile (Navarro et al., 1997, 2010). However, other sim-

ulations and observations suggest the that inner core profile of the cluster, on scales below the

maximum resolution of the previous simulations, is not universal, and may depend on cluster

mass and infall history, and the impact of the presence of baryons on DM (Jing & Suto, 2000;

Sand et al., 2002, 2004; Navarro et al., 2004; Sand et al., 2008). Within the cluster halo exist

substructures. These substructures, such as infalling haloes belonging to groups or galaxies, are

tidally stripped and become truncated after passing through the core. These subhaloes tend to

persist within the main halo, a consequence of CDM (Natarajan et al., 2007). Detection of such

substructure can be indicative of recent infall and structure formation, while the evolution of

substructures has been linked to look back time as a test of cosmological parameters and as a

signature of cluster formation history (Evrard et al., 1993; Smith & Taylor, 2008). Modelling

substructure in clusters can not only provide details on structure evolution, but also test CDM

predictions about the universality of the DM halo profile, and the behaviour of DM in the pres-

ence of baryonic matter.

Although DM was first detected in clusters using galaxy dynamics, a more accurate method

of constraining DM structure is the analysis of the impact the cluster potential has on the

light from background galaxies. That clusters could act as strong lenses was first suggested

by Zwicky (1937a,c). Strong lensing (SL) is the most obvious lens effect detected, and clusters

with high masses (1014−1015M⊙) and strongly concentrated cores, combined with choice align-

ment with background sources, have resulted in spectacularly distorted arcs (Fig. 1.4), as first

observed detected by Soucail et al. (1988). SL can be used to constrain the core mass profile

within 100kpc, and if the lens itself is well known, the high magnification of background sources
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Figure 1.4: Strong lensing features inA2218. (Credit: Andrew Fruchter (STScI) et al., WFPC2, HST, NASA
Digitally reprocessed: Al Kelly).

in cluster cores allows for the detection and study of high redshift galaxies. However, SL is not

useful for constraining the cluster mass at radii comparable to the virial radius (∼1.5h−1Mpc),

and not all clusters are observed with the chance alignments that produced SL.

The gravitational potential of clusters is strong enough to weakly shear the images of faint

background galaxies, which, depending on depth of the observations, can be detected out to

radii up to a few Mpc. The image of every galaxy behind the cluster will be slightly distorted by

all mass distribution between the galaxy and the observer, including the cluster. Although the

extent to which the background galaxy image is sheared by the cluster potential is smaller than

the intrinsic ellipticities of the background population, over large numbers of faint galaxies the

intrinsic ellipticities average to zero, while the weak lens signal remains detectable. Weak lens-

ing in clusters was first detected in the early 90s i.e. Tyson et al. (1990). Since Kaiser & Squires

(1993) developed an algorithm for reconstructing the mass of galaxy clusters using weak shear

information, clusters have been used as testing grounds for weak lens mass reconstruction. The

large size of clusters means they have the signal necessary for individual weak lens analysis:

smaller structures, such as groups, require stacking in order to obtain strong enough signal to
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noise for analysis, again assuming the objects have spherical symmetry (Hoekstra et al., 2001,

2003, 2004; Mandelbaum et al., 2006; Leauthaud et al., 2010).This means that the scatter in

relations between lens properties and other mass tracers such as X-ray can be investigated,

whereas in a stacked analysis the impact of dynamical state or DM substructure may be lost.

This strong signal also allows for substructures in the DM halo to be detected and modelled.

Both SL and WL can provide constraints on the projected cluster mass that are independent

about assumptions on the dynamical state of matter within the clusters, but are sensitive to other

mass distributions along the line of sight. The mass estimates and distributions can also be

impacted by assumptions of spherical symmtery Clowe et al. (2004a); Corless & King (2007),

and for parameterised models, assumptions made about the complexity of the mass distribution.

In the following section I discuss the observed discrepancies between X-ray and lensing cluster

mass estimates, some possible source of bias in both probes, and how, by combination with

other multi-wavelength data, these impact of these biases can be improved and our insight into

cluster formation history and the interplay deepened.

1.3.4 Multi-wavelength Cluster Studies

The study of galaxy clusters is one area that can greatly benefit from the comparison of multi-

wavelength data. It is through the comparison of X-ray, luminosity and DM mass reconstruc-

tions that we can start to accurately interpret the evolution of and interaction between the differ-

ent cluster components. Interactions and mergers between clusters and cluster members help to

constrain the physics of the interplay between baryonic and DM, and also constrain the nature

of DM itself.

Comparing X-ray temperature to lensing masses or cluster luminosity can help categorise

clusters. If several clusters lie on the same scaling relation, then they are assumed to have

similar formation histories and dynamics (Schaeffer et al., 1993). Thus studying outliers and

segregation in scaling relations can help identify cluster subtypes, such as dynamically disturbed
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or relaxed clusters. For example, Smith et al. (2005) found strong segregation between 10 dis-

turbed and undisturbed clusters in theMSL − TX relation. The disturbed, multi-modal clusters

dominated the sample and the scatter in the relation. Constraining the slope and normalisation

of scaling relations is therefore very important for predicting cluster properties. When the mass

based relations are well constrained they can be used to estimate systematic errors in other mass

probes. One application in particular is in the comparison of cluster masses obtained from lens-

ing analysis, and those masses obtained from X-ray observations.

Miralda-Escude & Babul (1995) found that cluster masses from strong lensing were 2-3

times mass estimates from X-ray. Although the X-ray and lens mass esimates were in agree-

ment within large errors, Squires et al. (1996) also found considerable discrepancy between

the estimates. Early on there was suggestion that any difference could be due to the impact of

merging and departure from HSE (Squires et al., 1997), while other studies suggested that the

disruption of cooling flows in the ICM could be a possible cause (Allen, 1998). Simulated X-

ray and lensing observations in the second half of the 2000s demonstrated that assuming HSE in

clusters where there is additional pressure support does result in underestimatedMX , especially

in disturbed, complex clusters (Rasia et al., 2006), and shows this discrepancy increasing with

r (Nagai et al., 2007). By this point improvements in observation and analysis had reduced the

average discrepancy (Zhang et al., 2008), with good agreement at higher overdensities, but with

increasing discrepancy between X-ray and lensing mass estimates asr, the distance from the

cluster centre, increased (Mahdavi et al., 2008; Zhang et al., 2010), as predicted by the sim-

ulated results. Non thermal pressure support could cause X-ray estimates of mass assuming

HSE to be underestimated, while shock heating during mergers could alternately causeMX to

be overestimated. One interesting result from Mahdavi et al. (2008) was that the discrepancy

in this study was not correlated with cool core status, which, if the discrepancy is caused by

pressure support from physical processes associated with merging and dynamical disturbance,

supports that notion that cool core status is not connected to dynamical state.
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All masses obtained from lensing are projected onto a 2D plane at the position of the clus-

ter, and thus are sensitive to contributions from non related mass distributions along the line of

sight (Hoekstra, 2003). Such limitations could explain the excess in initial fitted concentrations

from lensing analysis of cluster cores, in contrast to predictions from simulations (Broadhurst

et al., 2005). There is growing evidence that clusters are not spherically symmetric but triaxial,

and that this can cause bias in cluster concentration and mass parameters depending on the DM

halo orientation (Shaw et al., 2006; Clowe et al., 2004a; Corless & King, 2007). If a prolate

cluster mass distribution is viewed along its major axis, and reconstructed assuming spherical

symmetry, it may be interpreted as having a very high concentration (Gavazzi, 2005). Sub-

structure within the DM distribution can also result in simpler models having boosted masses

and concentrations, especially if that substructure is along the line of sight. Deviations from

spherical symmetry which will also cause the average shear signal within a circular aperture to

be suppressed. This may further cause systematic underestimation of weak lensing mass if not

properly modelled (Meneghetti et al., 2010). Richard et al. (2010) concluded that clusters with

higher DM substructure fractions have higherMSL − MX discrepancy, possibly due to substruc-

ture being indicative of recent infall that may have provided additional, non thermal pressure

support, which invalidates HSE. Substructure, projection effects and modelling restrictions all

complicated the determination of total cluster mass using lensing, and may also be indicative of

processes that can impact other mass probes.

IR observations of cluster galaxies are less impacted by dust than observations in optical and

UV filters, and thus are good for observing the large, red cluster galaxies as opposed to infalling

spirals and recent SF, which both have a bluer colour. The spirals are less likely to trace the

dominant DM structure, located at the edges of the cluster, whereas the red cluster galaxies are

more likely to trace structure in the central region of the clusters. Study of the IR light from

the BCGs in clusters has shown that higher mass clusters are more likely to have fewer, yet

brighter cluster galaxies per unit mass than low mass clusters, which have higher dim galaxy

proportions. This may be a result of mergers, as fainter cluster galaxies are cannibalized by the
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BCG, which primarily grows by merging with other galaxies (Lin et al., 2004; Lin & Mohr,

2004). Comparing IR imaging of clusters with X-ray allows scientists to probe the relationship

between the cluster galaxies and the ICM. Such comparison have revealed that the stellar mass

fraction decreased with cluster mass, while the ICM to stellar mass fraction increases, suggest-

ing star formation is less efficient in higher mass clusters (Lin et al., 2003).

But the weaknesses of some observational mass probes are the strength of others. While

gravitational lensing in independent of the dynamical state of the cluster, and doesn’t require

assumptions about HSE, X-ray observations are less hindered by the projection effects that can

boost the lensing signal. X-ray observations are useful for constructing cluster samples, as

clusters have a distinct signature at X-ray wavelengths (Gladders, 2004). Comparison of the 2D

projected distributions of the DM, ICM and galaxies has produced constraints on the interaction

cross section of DM (Markevitch et al., 2004; Randall et al., 2008; Bradač et al., 2008), and

in some cases has been vital to the interpretation of anomalous results, such as the discovery

of two clusters merging along the line of sight from comparing X-ray and DM observations,

that explained the unusually high concentration obtained when fitting the DM alone (Czoske

et al., 2002). Using such comparisons to obtain offsets between the centre of the DM, galaxies

and ICM distributions can be indicative of recent infall and mergers, while comparison with

galaxy dynamics can reveal the infall trajectories of galaxies, and thus insight into the recent

merger and formation history of the clusters. The best interpretation of any set of observations

is obtained using comparison with multi-wavelength data. The strengths of one data set can

constrain the systematics of the other, motivate new interpretations and provide normalisation

of other results. Complex lensing models of DM structure motivated by, and interpreted using

multi-wavelength data are necessary to provide the strongest constraints on cluster mass and

DM structure, and to compensate for limitations and bias involved in different observational

mass probes.
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1.4 Cosmic Train Wrecks

A principled study of a large sample of clusters allows for the detailed study of mass-observable

scaling relations, and the interaction between the different mass components of the clusters.

Analysis with multi-wavelength data such as lensing, optical and X-ray further allows for the

identification of "extreme" individual clusters, the study of which offer unique insights into the

interplay of DM and baryons.

Such studies were motivated by the discovery of the Bullet Cluster (1E 0657-56) (Marke-

vitch et al., 2002; Clowe et al., 2004b; Bradač et al., 2006; Clowe et al., 2006). A major merger

in the plane of the sky, two clusters have collided and then continued on their original paths,

with each component reacting differently to the merger. While the galaxies and DM of each

cluster has passed through the contact point as collisionless particles, the X-ray emitting gas

has been strewn between the two systems. The smaller cluster has been almost completely

stripped of its gas, and the interaction has caused in a prominent shock front in the gas from this

cluster. The DM is still associated with the separate clusters, but each halo is strongly elongated

in the NS plane (Fig. 1.5, left panel). By determining the offsets between the peak of the X-ray,

DM and luminosity distribution, constraints can be put on the Dark Matter self-interaction cross

section of< 1cm2g−1. The Bullet Cluster represents an example of the differing behaviours of

different components of merging cluster providing constraints on the nature of Dark Matter.

Since the Bullet Cluster result, other extreme clusters have been identified and analysed.

The Baby Bullet (MACS J0025.4-1222) (Bradač et al., 2008) (Fig. 1.5, right panel) is a similar

example to the Bullet Cluster, another high speed merger in the plane of the sky. Although there

is no obvious shock front in the X-ray gas, the peak of the gas is clearly offset from the two,

separate, cluster DM and galaxy distributions. The gas mass fraction and mass-to-light ratio

for all the DM, gas and galaxy components combined are normal for a cluster of this size, sug-

gesting that global cluster properties may not be reliable in identifying extrema clusters. The

mass-to-light ratios of the individual peaks are also typical for clusters of this size, evidence that
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Figure 1.5: Left: The Bullet Cluster, with X-ray overlayed in pink,and the total weak lens mass distri-
bution overlaid in blue. (Credit: X-ray: NASA/CXC/M.Markevitch et al. Optical: NASA/STScI; Magel-
lan/U.Arizona/D.Clowe et al. Lensing Map: NASA/STScI; ESO WFI; Magellan/U.Arizona/D.Clowe et al). Right:
The Baby Bullet, with the same colour overlays as the Bullet Cluster. (Credit: NASA, ESA, CXC, M. Bradac (Uni-
versity of California, Santa Barbara), and S. Allen (Stanford University))

the DM was not stripped or lost from either peak. The spatial correlation between the galaxy

and DM distributions compared to the X-ray emitting gas suggests that DM acts collisionless,

with an estimate self interaction cross section of< 4cm2g−1.

However, not all extreme clusters appear to support entirely collisionless DM. In 2007, Mah-

davi et al. (2007), published the weak lens reconstruction ofA520, a rich cluster atz = 0.201

(Fig. 1.6, left panel). The most interesting feature in this cluster was a ’dark’ core, a peak in

the cluster core with a very high mass-to-light ratio (721h70M⊙/L⊙b), with a low mass-to-light

region 500kpc east of this position, matching a shock feature in the radio emission. As with

the Baby Bullet, the fraction of mass attributed to the X-ray emitting gas, 0.15h−1.5
70 %, and total

cluster mass to cluster light ratio, 232±25h70M⊙/L⊙B, were considered normal for this cluster

total mass, further evidence that not all extreme clusters are identifiable from their global prop-

erties. Mahdavi et al. proposed that, in accordance with CDM, the dark peak is the result of

a complex multi-body merger, or that in conflict with CDM, the low mass-to-light peak (peak

5. in Fig. 1.6) and dark core (peak 3. in Fig. 1.6) had a common precursor that was ’stripped’

of DM during a previous merger. Other studies onA2744 (Fig. 1.6, left panel, (Owers et al.,

2011; Merten et al., 2011) report a variety of over massive and under massive multi-wavelength

substructures within a multiple merger, suggesting as the cause of separation between DM and
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Figure 1.6: Left: A520, with X-ray overlaid in red and the matter distribution from lensing overlaid in blue.
The white contours show the DM reconstruction with 3,3.5,4,4.5,5σ intervals. Crosses denote spectroscopically
confirmed cluster members, orange crosses those on the Red Sequence. (Credit: Mahdavi et al. (2007)). Right:
A2744, with X-ray in red and the DM distribution in blue. (Credit: Merten et al. (2011)).

light the dynamics of multi-body systems.

In all of these examples, it was the combination of multi-wavelength data and careful mod-

elling of the spatial distributions of the different cluster components that lead to greater insight

on the merging processes. The conflicting pictures from different extreme clusters suggests that

a larger sample is required to test systematics in the merger population, and obtain stronger con-

straints on the nature of DM. However, as clusters themselves are rare, and as such interactions

between cluster scale systems even rarer, developing a catalogue of such objects could be very

difficult and expensive in term of survey time. Attempts to circumvent the rarity by averaging

over the substructure offsets of apparently less disturbed clusters, in order to obtain an estimate

of ’bulleticity’ where the individual component offsets are not significant but the overall offset

could be (Massey et al., 2011) may work, but also require large catalogues of clusters with ob-

vious substructure.
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1.5 The Local Cluster Substructure Survey: LoCuSS

LoCuSS is a systematic, multi-wavelength survey of over 100 X-ray luminous, 2×1044≤ LX ≤

3× 1045ergs−1, local galaxy clusters at redshifts between 0.15< z < 0.3, selected from the

ROSAT All Sky Survey catalogue, (Böhringer et al., 2004a; Ebeling et al., 2000, 1998). Involv-

ing collaborators and observatories world wide, the survey seeks to investigate the impact of

hierarchical formation on the baryon and DM physics within galaxy clusters, with the goal of

constraining the scatter induced in mass-observable scaling relations by differing cluster evolu-

tion and merger history. Using a combination of lensing mass maps, X-ray, Sunyaev Zel-Dovich

(SZE) and IR observations, the effect of structure infall on the dynamical evolution of cluster

galaxies and the ICM is probed in order to provide insight into the relation between the baryonic

and DM matter, and provide further constraints on the relationships between different mass and

structure tracers.

A pilot study by Smith et al. (2005) (Smith et al., 2001, 2002a,b, 2003) of 10 cluster cores

(R < 250h−1kpc) found 7/10 were disturbed (multimodal, with a large discrepancy between the

mass and X-ray peaks, andfsub ∼ 0.1− 0.6), and that these clusters dominated the scatter on

the mass-TX relation, with the normalisation of the mass-temperature relation for the disturbed

clusters being∼ 40% hotter than that for the undisturbed clusters. This conclusion contradicted

the established paradigm from theory and X-ray studies that the mass-temperature relation had

little scatter and that the majority of clusters were undisturbed Evrard et al. (1996); Finoguenov

et al. (2001); Borgani et al. (2004). Such a bold statement required a larger sample to obtain

robust statistics on the cluster demographics.

LoCuSS aims to investigate the results of the pilot study and improve the statistics on the

segregation of the cluster population by increasing the size of the sample by an order of magni-

tude, while studying the mechanics of hierarchical assembly and its relation to the evolutionary

history of galaxies within the cluster and of the cluster itself. The survey has several goals



CHAPTER 1. INTRODUCTION 26

related to this aim: to obtain demographics on the local population of galaxy clusters, in or-

der to constrain the proportion of disturbed clusters; to investigate the structural segregation

of the mass-temperature relation, determine whether this segregation is evident in other mass-

observable scaling relations, and constrain the resultant scatter to improve cluster cosmology

experiments; and investigate the assembly history of clusters using multi-wavelength compar-

isons of structure maps, with the aim of using this intermediate cluster population as a baseline

for studying higher redshift cluster populations.

In order to investigate these goals, LoCuSS has amassed a considerable database of multi-

wavelength cluster observations, from X-ray observations from XMM-Newton and Chandra, to

IR observations from CTIO, Kitt Peak and Palomar, optical imaging for lensing analysis from

Subaru and the Hubble Space Telescope, SZE observations from the Sunyaez Zel-dovich Array,

and most recently, constraints on star formation from the Herschel Telescope. Some of the key

results from LoCuSS are as follows;

(i) Evidence of structural segregation in the mass observable scaling relations (Zhang et al.,

2010; Richard et al., 2010; Okabe et al., 2010c), with the scatter and normalisation at odds

with results from with numerical simulations (Zhang et al., 2008; Marrone et al., 2009).

(ii) Scatter in X-ray mass at fixed observables in scaling relations is half that of the WL mass (Zhang

et al., 2008), while the scatter in the WL mass at fixedYSZE is less than at fixedTX (Marrone

et al., 2009), and the mass of the X-ray emitting gas,Mgas, has lowest scatter in WL mass

compared to other X-ray observables (Okabe et al., 2010c).

(iii) The discrepancy between SL and X-ray mass estimates is related to the amount of mass

substructure and the dynamical state, with disturbed clusters having larger discrepancies (Richard

et al., 2010). Mergers appear to cause departure from HSE, perturbing the cool cores (Sander-

son et al., 2009; Richard et al., 2010).The agreement between the WL and X-ray mass esti-

mates is found to improve as the overdensity at which the mass is measured increases (Zhang

et al., 2010).

(iv) Star formation is enhanced in the infall regions of clusters, with rates above those predicted

by numerical simulations, possible due to environmental triggering. The fraction of SF
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galaxies doesn’t depend on dynamical state, with the majority of SF taking place in the

outer regions of the cluster, away from merging activity in the core. SF has been detected

in galaxies associated with substructure in the X-ray, lensing and NIR (Haines et al., 2009,

2010; Pereira et al., 2010).

However, even with such a comprehensive dataset there is still disagreement within the sur-

vey itself on results such as the dependence of gas mass fraction on the dynamical state of the

cluster, with Zhang et al. (2010) concluding that it is not related to dynamical state, whereas

Sanderson et al. (2009) found that it was related to the offset between the BCG and peak of the

X-ray emission, which itself was found to be related to the dynamical state.

These results have relied upon weak and strong lensing analysis of the LoCuSS cluster sam-

ple (Smith et al., 2005; Okabe et al., 2010b; Richard et al., 2010) to provide estimates of the

’true’ mass of the cluster to compare with mass tracers such as X-ray temperature. The con-

straints on the DM distribution is especially interesting as the fraction of mass substructure in

the cluster can be used to infer the cluster assembly history (Smith & Taylor, 2008).

My thesis aimed to use the weak lensing analysis of shallow, single filter imaging from the

Hubble Space Telescope to constrain the internal structure of a large number of cluster cores,

for comparison with similar constraints from X-ray and NIR data, in order to investigate the

structural segregation in the mass-temperature relation and the spatial distribution of the differ-

ent cluster components. These observations contributed some of the strong lens constraints to

Richard et al. (2010), and the clusters were also observed by Chandra. By utilising the LoCuSS

multi-wavelength data this work has attempted to decipher the recent assembly histories of 21

galaxy clusters, by comparing the spatial distribution of subtructures in the IR, mass and X-ray

flux maps, by comparison of the cool core strength with the fraction of substructure in the clus-

ter core, and by studying the properties of the mass-temperature relation for cool core and non

cool core clusters.
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Many previous studies have focussed on the indepth analysis of a single, or small sample

of clusters. While the deeper data and individualised analysis may provide tighter constraints

for individual examples, these studies are less appropriate for constraining the scatter in mass-

temperature scaling relations, or determining the relation between substructure fraction and

other global properties. A large sample is required to reduce the statistical errors on weak lens

mass scaling relations, and test whether the skew towards disturbed clusters seen in Smith et al.

(2005) is evident in the larger cluster population.

Future surveys, such as PANSTARRS (Kaiser et al., 2010) and the Dark Energy Survey

(DES) (Flaugher, 2005; Sánchez & the Des collaboration, 2010), will produce massive datasets

of groups and clusters for studying clustering and the growth of cosmic structure. This will

require large amounts of telescope time and extensive analysis, thus it is important for future

surveys to efficiently construct cluster samples that probe the issues of most interest to the sur-

vey. A standardised analysis pipeline is required to process the large amount of data coming

from these surveys, and also to identify those clusters that can skew the results from the general

cluster population, such as extreme mergers like the Bullet Cluster. The methods developed

to detect the weak lens signal in shallow, noisy data will be applicable to the analysis of those

parts of the surveys with poor coverage, and for the detection of weaker signals from galaxy

groups, or for measuring the cosmic shear. In addition, for the investigation of merging clus-

ters as windows into the interaction between baryons and DM, such a pipeline could be used

in conjunction with archival observations to identify extreme clusters for detailed analysis with

deeper observations.

My thesis demonstrates that we have succeeded in the constraining the 2D DM structure

for a large (21) sample of clusters, via a principled analysis. We have obtained robust pa-

rameterised and non-parameterised maps of the DM distribution using weak lensing, and have

provided comparisons with luminosity density and X-ray emission distributions. We have ob-

tained estimates for the systematics of our pipeline using comparisons with the literature on
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the Bullet Cluster, and have identified an ’extreme’ Bullet type cluster. We have also detected

a group scale structure using WL information alone, out side of the field of view of the WL

observations, and have thus disentangled a foreground group detection, A 3192, from a back-

ground cluster, RXC J0358. Although the smoothing of the faint galaxy catalogues require

further research to alleviate a low mass bias in the total cluster masses, this analysis represents

a systematic method for cheaply obtaining cluster merger histories, identifying extreme clusters

and probing the relation between gas, light and DM using weak lensing.

I will briefly describe the observatories from which the data for this analysis were taken at

the end of this Introduction. I will introduce lensing theory and the weak lens mass reconstruc-

tion methods used in this analysis in Chapter 2. I will then describe my reduction and initial

analysis of the Hubble Space Telescope observations in Chapter 3, as well as summarising the

reduction and analysis of the near-IR and X-ray observations performed by my colleagues, Tom

Targett and Alastair Sanderson. In Chapter 4 I cover the non parameterised and parameterised

weak lens mass reconstruction of the data, and then discuss the individual cluster and sam-

ple results in Chapter 5. I describe two clusters, A 1392/RXC J0358 and A 3644, in detail in

Chapter 6. Finally I summarise my results and discuss the implications of my thesis and the ap-

plicability of the pipeline described within to the large scale analysis and construction of future

surveys.

1.5.1 Observatories

Hubble Space Telescope: Advanced Camera for Surveys

The Hubble Space Telescope (HST) was launched in 1990, and provides astronomical imaging

from the Ultra Violet (UV) to Near Infra-Red (NIR) (Fig. 1.7). A primary benefit of observ-

ing from space is that observations are not impacted by the Earth’s atmosphere. The turbulent

motions of the atmosphere limit observing times and cause a spreading distortion in images of

distant stars and galaxies. This distortion is called the seeing. By avoiding this effect, the HST
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Figure 1.7: The Hubble Space Telescope, after being released fromthe space shuttle Atlantis, after a servicing
mission in 2009 (Image Credit: NASA, http://hubblesite.org /gallery/spacecraft/25/)

provides sharper imaging better suited for measuring weak shear in faint galaxy shapes around

clusters and groups. Such benefits in observing conditions is reponsible for the HST receiving

between 7000− 12000 proposals a year, of which only 1/5 can be filled.

The Advanced Camera for Surveys (ACS) is a 16 Mpixel CCD camera designed for wide

field surveying in the visible to NIR wavelengths and imaging in the UV to IR wavelengths.

It was installed in the HST in March 2002, and suffered an severe CCD electronics fault in

January 2007.

The Wide Field Channel (WFC) of the ACS aims to provide high throughput, wide field

imaging in visible wavelengths, from 370− 1100 nm. It has a 202x202′′ field of view, and

typically achieves a seeing FWHM of 0.1− 0.14′′. The ACS:WFC camera was used to obtain

SNAPSHOT images of the LoCuSS galaxy clusters for weak shear analysis.
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Figure 1.8: The Mayall (left) and Blanco (right) 4 metre telescopesat
Kitt Peak, USA and Cerro Tololo, Chile, respectively. (Image Credits:
NOAO/AURA/NSF, http://www.noao.edu/outreach/media/photo/kpno/mayall/02106.med.jpg, http//
www.noao.edu/image_gallery/images/d2/02360a.jpg)

Near Infra-Red Observatories

The near Infra-Red (NIR) observations were taken at three different observatories: the 4 metre

Mayall and Blanco telescopes at Kitt Peak and Cerro Tololo respectively, and on the Hale tele-

scope at Palomar.

The Mayall and Blanco telescopes are identical, with the Mayall seeing first light in 1973,

and the Blanco in 1974, and are part of the National Optical Astronomy Observatory (NOAO)

(Fig. 1.8). Both are primarily used for NIR and faint visible light observations. On the Mayall,

the Flamingos IR Imaging Spectrometer is a wide field image and multi-slit spectrometer. It

can provide imaging in the J, H, K and Ks band filters, with a FWHM of 0.6− 1.0′′, over the

telescope field of view of 10 by 10 arcminutes. The NIR imager on the Blanco telescope is the

Infrared Side Port Imager (ISPI). Similar to the Flamingos, it has a 0.3′′ per pixel resolution,

and a FWHM of 0.6− 1.0′′, a field of view of∼ 10.5 by 10.5 arcminutes and provides imaging

in the J, H, K and Ks band filters.
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Figure 1.9: Chandra observatory, an artist’s impression. (ImageCredit: NASA/CXC/D.Berry,
http://chandra.si.edu/graphics/resources/illustrations/chandra_bshot6_300.jpg)

The Palomar 200 inch Hale telescope saw first light in 1948. The Wide Field Infra-Red

Camera (WIRC) has a resolution of 0.25′′ per pixel, and field of view of 8.7 by 8.7 arcminutes.

As with the other two observatories, this instrument provides imaging in a range of IR filters,

including J, H and Ks.

Chandra X-ray Telescope: AXAF CCD Imaging Spectrometer

Chandra is an X-ray telescope, orbiting the Earth in order to detect X-ray emission from ex-

ploded stars and extra-galactic sources which is absorbed by the atmosphere (Fig. 1.9. Origi-

nally known as the Advanced X-ray Astrophysics Facility (AXAF), Chandra was designed for

high resolution X-ray imaging and spectromety, and was launched in 1999.

The AXAF CCD Imaging Spectrometer (ACIS) provides 17 by 17 arcminute wide field

imaging with an energy resolution of 130 eV at 1.49 keV or 280 eV at 5.9 keV. The imager

works by recording the position, energy and arrival time of each X-ray photon that hits the de-

tector. It allows for an imaging resolution of∼ 1′′, and was used to provide 2D X-ray flux maps
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Figure 1.10: Schematics showing the field of view of the observatoriesdescribed in this section. The blue field of
view is that of the AXAF imager on the Chandra telescope, the green fields represent the Flamingos/ISPI (left) and
WIRC (right) field of views and the red box shows the field of view of the ACS camera on the HST.

for the clusters in this study.

In Fig. 1.10 I give a schematic of the field of views of the AXAF imager on Chandra

(blue), the ACS camera on the HST (red) and the Flamingos/ISPI field of views (green, on

left schematic) and WIRC field of view (green, on right schematic).
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Lens Theory

2.1 Gravitational Deflection of Light

Lensing describes the bending of light due to the mass of a foreground system gravitationally

distorting the local space time geodesics. The term covers a wide range of effects, from micro-

lensing, used to find planets orbiting distant stars, through weak lensing Tyson et al. (1990),

where almost imperceptible distortions of the light from background galaxies can be used to

constrain foreground DM distributions, to strong lensing Soucail et al. (1988), where the shear

field deflects the light into multiple images of the same source. One of the most interesting

features of lensing is that it only depends on the gravitational properties of the lens, and not on

the state or type of matter the lens is made of. This not only allows for gravitational lensing to

be easily described mathematically, but allows for assumptions about physical processes in the

lenses to be tested. Because the distances over which the light travels are much greater than the

scale of either the source or lens, gravitational lensing reduces to a geometric problem. Then

as well as being able to study the properties of the lens and source, we can also study the ge-

ometry of the Universe (Lombardi & Bertin, 1999b). As the number of lenses in the Universe

depends on this geometry, we can use the probability that a lens event will occur to determine

cosmological parameters.

Clusters act as the most impressive lenses in the Universe; their large and complex poten-

tials produce a variety of lensing effects, from weak to strong lensing. The ability to combine

constraints from both types of lensing and thus constrain the DM distribution both in the core

34
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and at the virial radius makes the lensing study of clusters very rewarding. Additionally, by act-

ing as strong lenses, clusters magnify distant galaxies, allowing scientists to investigate galaxy

formation in the early Universe (Smail et al., 1993; Kneib et al., 2004; Richard et al., 2011).

Lensing analysis of a cluster can produce a model for the total mass distribution on scales of

10kpc (strong lensing) to 5Mpc (weak lensing)(Smail, 2004). Such models can be used to probe

the interplay between DM and baryons (Markevitch et al., 2004), or probe the cluster formation

history, especially in combination with other mass and structure probes (Czoske et al., 2001).

As the lens effect only depends on the gravitational potential of the cluster and not the type

of matter (dark/luminous) or dynamical state, not only have lensing mass estimates of cluster

provided support for the existence of DM (Clowe et al., 2004b), but they can also be used to

test assumptions on internal cluster physics employed other mass probes such as X-ray tem-

perature (Meneghetti et al., 2010). With the higher resolution imaging available from future

telescopes, and large scale cluster surveys, lensing mass reconstructions will continue to pro-

vide important results to the field of cluster mass reconstruction.

In this chapter I will cover lensing theory, with an emphasis on weak lensing by clusters.

I will also describe various statistical methods by which weak shear information is used to re-

construct the DM distribution of the cluster, and discuss the development of parameterised and

non-parameterised mass reconstruction methods. Finally I will cover observational difficulties

in using weak lensing to constrain cluster properties. For more indepth reviews, see Narayan &

Bartelmann (1996); Bartelmann & Schneider (2001); Petters et al. (2001); Meylan et al. (2006).

2.2 The Lens Equation

Once the multiple images or shear effects of a lensing potential have been observed, the lens

equation can be applied to probe the properties of either the lens or the source, for example

the cluster or background galaxies. Lensed images of the source are distorted in shape by the
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shearing impact of the tidal gravitational field, and magnified by focusing due to the shear and

local matter density. Retracing from multiple images of the same source back to its original po-

sition is fairly straightforward once the lensing distribution is known, while the reverse is more

difficult as one source can produce multiple images. In order to simplify the mathematics, the

gravitational field is modelled as weak and stationary, in order to allow the local linearisation of

General Relativity, which simplifies the relations between the deflection angle and the potential

of the lens. This Thin Lens Approximation allows geometric optics to be applied to the lensing

system. As the distances between the observer and the lens, and between the lens and the source

are of the order of several Gpc compared to the physical extent of the lens itself, which at the

most massive (ie. cluster scale) is only a few Mpc, this approximation means lensing mass

distribution can be approximated as a 2D projection of the 3D mass distribution (Narayan &

Bartelmann, 1996).

For example, consider a source of light at a distanceDs from the observer. A large mass po-

sitioned in between the observer and the source, atDd, distorts the local flat spacetime, resulting

in a deflection in the paths along which light rays from the source travel, callednull geodesics.

Due to this distortion the position of the image of the source is deflected byα̂, as in Fig. 2.2.

The distance between the source and the lens at the source plane, given byη, can be ex-

pressed in terms ofθ andα using small angle approximations,

η = Dsθ − Ddsα̂ =
Ds

Dd
ξ − Ddsα̂(ξ) (2.1)

whereξ = Ddθ. Then the approximation ofη = Dsβ allows this to be rearranged to,

β = θ −
Dds

Ds
α̂(ξ) = θ −α(θ) (2.2)

whereα(θ) = Dds
Ds

α̂(Ddθ) is the scaled deflection angle. Now consider Fermat’s Principle: a

light ray travelling between two points will traverse the path that takes the least time. Due to

the gravitational distortion of the geodesics, the arrival time of each light ray package will be
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Figure 2.1: Light rays from the source at angular diameter distanceDs arelensed by a mass atDd , so the observer
sees the image deflected byα̂. The white circles represent the source and the deflection of light rays from the
source at the lens plane. The distance between the lens and the source at the source plane is given byη, and the
distance between the image position and the lens at the lens plane is given byξ. It should be noted that over
cosmological distancesDd + Dds! = Ds

delayed. This arrival time is given by

τa =
1
c

∫
(1−

2Φ

c2
).dl =

l
c

−
2
c3

∫
Φ.dl (2.3)

whereΦ is the three dimensional Newtonian potential of the lens, anddl the line integral of the

light path. From Fig. 2.2, and the fact that all the angles are very small,

l = lI + lS = Dd +
Ddθ

2

2
+ Dds +

(Ddθ − Dsβ)2

2Dds
(2.4)

We can neglect the constants in this equation as Fermat’s Principle means we are only interested

where the derivative ofta with respect toθ vanishes. The second term becomes the projected

two-dimensional Newtonian potential,φ,

∫
Φdl = φ(ξ) = D2

dφ(θ) (2.5)

Then differentiating the arrival time with respect toθ and considering the minimal case gives

Dd(Ddθ − Dsβ)
Dds

+ Ddθ −
2D2

d

c2
∇θφ(θ) = 0 (2.6)

By rearranging Eq. 2.1,Ddθ − Dsβ = (α̂− θ)Dds then this term delivers the deflection angle,

α̂(ξ) =
2Dd

c2
∇θφ(θ) =

Dd

Dds
∇θϕ(θ) (2.7)
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whereϕ is the deflection potential,

ϕ =
2D
c2

φ and D =

(
DdDds

Ds

)
(2.8)

Thenwe can use the scaled deflection angleα from Eq. 2.2 to obtain

α = ∇ϕ (2.9)

Another quantity related to the lensing potential is the dimensionless surface mass density,

κ, also known as the convergence.κ can be used to quantify the strength of the lensing effect,

i.e. strong (κ≥ 1) or weak (κ<< 1). κ is defined using the critical mass density,ΣCR,

κ =
Σ(ξ)
ΣCR

where ΣCR =
c2

4πG
Ds

DdDds
(2.10)

Thecritical density is an indicator of the strength of the lens effect for the given source and lens

redshifts. In the strong lensing regime the lens is classed as super critical, and the lens effect is

strong enough to generate multiple images of the source. This regime is found near the centre of

the lens, where the gravitational potential is deepest, and the local surface mass density is more

likely to exceed the critical density. The dimensionless convergence is related to the second

derivatives of the lensing potential by Laplace’s equation,

∇2ϕ = 2κ (2.11)

The lens equation can be linearised if the angular scale of the source is much less then the

angular scale of the variance of the lens potential. This means the distortion of the lensed image

can be described by a coordinate transformation from the source plane to the image planes,

expressed as a Jacobian matrix, whose elements are expressed in terms of the convergenceκ

and shearγ,

A(θ) =
δβ

δθ
=


 1−κ−γ1 −γ2

−γ2 1−κ+γ1


 (2.12)

whereγ1 andγ2 arecomponents of complex shear,γ = γ1 + iγ2, with

γ1 =
1
2

(ϕ11−ϕ22) γ2 = ϕ12 (2.13)

andthe convergenceκ can be expressed as (Schneider, 2006b; Narayan & Bartelmann, 1996),

κ =
1
2

(ϕ11 −ϕ22) =
1
2

trϕi j (2.14)
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2.3 Lensing Magnification

Gravitational lensing does not alter the surface brightness of the source, only the resultant flux

Sv,θ by transforming the solid angle of the flux. Thus the magnification can be found by using

the ratio of the solid angle from the image,dωθ, and the solid angle from the source,dωβ.

|µ| =
Sv,θ

Sv,β
=

dωθ

dωβ

=
d2θ

d2β
(2.15)

The magnification tensor is defined as the inverse of the lensing Jacobian,M(θ) = A−1. The

modulus of the magnificationµ can be defined as

µ = det|A| (2.16)

2.4 Strong Lensing and the Einstein Radius

Strong lensing occurs when the surface mass density at some pointθ exceeds the critical sur-

face mass density,Σ ≥ ΣCR, i.e. κ ≥ 1 and det(A)≤ 0, usually detected near the core of the

cluster. This generates caustics in the lensing potential. A distortion of a source near a caustic

may result in more than one null geodesic and the light travelling down each solution geodesic

forms a different image of the source for the observer. The placement of the source with respect

to the caustic then determines the shape and complexity of these images, and whether one or

more images are produced. When the source lies on the caustic, it produces an extended arc,

and when the caustic is a cusp, three images merge to form the largest and most impressive arcs,

as in Fig. 2.4. Ideal alignment between source, lens and observer means a quadruplet of images

will merge together, forming a arc around the lens called an Einstein ring.

In cluster cores, strong lensing, such as arcs and multiple images, can provide constraints on

the total mass within a radius of a few tens to a hundred kpc. Tangential arcs occur at tangential

critical curves of the lens, within which the mean surface mass density is close to the critical

surface mass density. Assuming circular symmetry, a simple estimate of the mass within the
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Figure 2.2: SDSSJ1430: The image background galaxy is warped aroundthe lensing galaxy in the centre, forming
an Einstein Ring. The panels on the right show the different components separately, and a recreation of what
the image of the background galaxy would look like unlensed. (Credit: A. Bolton (UH/IfA) for SLACS and
NASA/ESA)

Einstein radius is given by (Narayan & Bartelmann, 1996),

M(θ) = ΣCRπ(Ddθ)2 (2.17)

2.5 Weak Lensing

Weak lensing encompasses minor distortion (a signal to noise ratio per per galaxy image of

≈ 0.3) of background sources, whenκ,γ << 1, and the JacobianA(θ) approaches the unit ma-

trix. The sources used in weak lensing studies are distant faint galaxies in the optical or near IR

bands, aroundz ∼ 0.7− 1.5 for clusters atz ∼ 0.2. Weak lensing information can be classified

into two effects: shear and magnification. Using observations of the faint background galax-

ies, the net distortion effect on the ellipticities of the background galaxy images can be used

to obtain the projected mass distribution; this can also be obtained from magnification data

by studying background galaxy number densities. Individual ellipticity measurements for the

background sources are too small to be considered individually, so many lensed sources have to
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be considered, and the shearing effect statistically derived. To obtain constraints from lensing

magnification knowledge of the unlensed number counts of background galaxies is required.

Number counts in the field can be used but may miss any line of sight clumping behind the

cluster (Schneider et al., 2000). Another problem plaguing lensing mass reconstruction is the

mass sheet degeneracy (§ 2.5.1). Briefly, a scalar, constant convergence field can be added to

any solution for the shear field, without affecting the observations.

Weak lensing effects can be analysed to study the mass distribution of clusters on larger

scales, angular resolutions ofθ > 0.5′ whereas strong lensing covers the rangeθ ∼ 0.5− 1′.

Weak lens constraints combined with strong lens core constraints, either within their respective

regimes or with the strong len masses used to scale the weak lens result, can produce accu-

rate mass profiles and measurement estimates for clusters (Bradač et al., 2004b; Bradǎc, 2004;

Bradǎc et al., 2006; Cacciato et al., 2006).

From the observed shapes of the background galaxies it is possible to obtain an estimate for

the ellipticity of an image,

ǫ =

(
1− b

a

1+ b
a

)
exp(2iφ) (2.18)

wherea is the semi-major axis,b the semi-minor axis andφ the position angle of the image.

The reduced shear,g, is defined as,

g(θ) = g1 + ig2 =
γ(θ)

1−κ(θ)
(2.19)

whichallows the Jacobian to be rewritten as,

A(θ) = (1−κ)


 1− g1 −g2

g2 1+ g1


 (2.20)

The reduced shear|g| ≈ |ǫ| = (1− b/a)/(1+ b/a), thus

〈ǫ〉 = 〈g〉 =
〈 γ

1−κ

〉
(2.21)

In the weak lensing limit this means that the measured ellipticity directly gives the shear.
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The detection of weak lensing requires deep observations of the clusters in order to obtain back-

ground galaxy number counts of aroundNgal ∼ 60− 100 square arcminutes for ground based

observations (Smith et al., 2005), as the background galaxies that are weakly distorted are very

small, and the shears resulting from ellipticities may be hard to extract if the signal to noise

ratio is too low, or the image suffers from bad seeing. The accuracy of the results depend on the

number of sources detected and the precision of the shape measurement. This precision is also

greatly affect by instrumental effects such as thePoint Spread Function (PSF) of the telescope.

The PSF must be measurable, in order to remove this effect from the measured galaxy shapes.

This can be achieved by measuring the ellipticities of the images of stars. If there are enough

stars in the image, a PSF map can be generated, which can then be used to correct for the PSF

in the measured ellipticities of the background galaxies (Jarvis & Jain, 2004; Jain et al., 2006).

Another source of errors in weak lensing shear measurement is the intrinsic ellipticities of the

galaxies themselves. Compensating for these errors is part of the development of the mass re-

construction methods (detailed in § 2.6).

2.5.1 Mass Sheet Degeneracy

Finally, the reduced shear found from the observations is independent of a scaling factor applied

to the original lensing Jacobian. Consider a transformationA 7→ λA, whereλ is some scalar

constant. Then the convergenceκ and the shearγ scale as,

1−κ′ = λ(1−κ) γ′ = λγ (2.22)

and the reduced shear becomes,

g′ =
γ′

1−κ′ =
λγ

λ(1−κ)
=

γ

1−κ
= g (2.23)

This problem is known as the Mass Sheet Degeneracy (Falco et al., 1985; Schneider & Seitz,

1995; Bradǎc et al., 2004a) as it can be considered asκ(θ) plus a constant mass sheet of

(1− λ). It can be broken by either finding the redshift distribution of the sources and solving

for different lens geometries, by considering the magnification of the sources, asµ′ = detA−1 =
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((1−κ′2)−γ′2)−1 ∝ λ−2, or it can be broken by mass constraints from strong lensing in the cluster

core region to normalised the weak lens masses (Narayan & Bartelmann, 1996; Bartelmann &

Schneider, 2001; Kochanek, 2004; Schneider, 2006b,c).

2.6 Weak Lens Mass Reconstruction

A wide variety of methods now exist for weak lensing reconstruction, and can be divided in sev-

eral types. The most fundamental categorisation is parameteric versus non-parametric. Paramet-

ric techniques use a physically motivated model to fit to the data. Non-parametric methods use

no model, and allow great freedom in the form of the reconstructed potential. Non-parametric

methods can further be classified as direct and indirect. Direct methods obtain the potential di-

rectly from the shear measurements, by inverting the lens potential and shear relation in fourier

space, while indirect methods test the likelihood of a probable potential model by comparing

the predicted shear field against the observed shear field.

Non-parameterised methods are useful for developing spatial mass distribution maps where

little is known about the underlying cluster complexity. However, the result is not constrained

by physics and can be unrealistic. Parameterised methods offer control over the form of the

mass distribution, but require simplifying assumptions to be made about the cluster complexity

and symmetry. Using the non-parameterised methods to develop priors on the distribution of the

mass and then refitting with parameterised models can utilise the advantages of both techniques.

Indirect and direct non-parameterised can be used in conjunction to provide even tighter

constraints on the reconstructed distribution, and break the mass sheet degeneracy (Seitz et al.,

1998). While the direct methods deliver computationally fast results, the maximum likelihood

methods results suffer less from boundary artifacts. One such method isLENSENT2 (Bridle

et al., 1998; Marshall et al., 2002), a maximum entropy based technique that produces a recon-

struction of the cluster potential from weak lensing shear data and estimates of the total cluster



CHAPTER 2. LENS THEORY 44

mass. Parameterised models can be considered in a similar fashion by changing the potential

to be optimised with a model described by a set of parameters.LENSTOOL, (Jullo et al., 2007)

is ray tracing software that can find the best fit parameters for many different types of model to

a catalogue of faint galaxy shears. BothLENSENT2 andLENSTOOL use Bayesian statistics to

find the most probable mass distribution, and employ Monte Carlo Markov Chain algorithms

to converge on the result. Using Bayesian statistics provides a goodness of fit parameter that

can be used to determine the most optimum model characteristics to include: for example, in

LENSENT2, this could be the smoothing width that characterises the large scale cluster potential,

whereas inLENSTOOL, this can be the form of the model (isothermal, elliptical) or the model

complexity.

In this section I introduce Bayesian statistics, used by both parameterised and non-parameterised

methods, and then the parameterised and non-parameterised methods, and their application to

our data, are described in more detail.

2.6.1 Bayesian Statistics

In this section I will give an overview of Bayes’ Theorem and its application in model and pa-

rameter fitting, introduce maximum entropy analysis for non-parameterised systems. For more

indepth information, I refer the reader to Sivia (2008); Norris (2007).

Bayes Theorem (Eq. 2.25) describes the posteriorprobability distribution function (PDF) of

a model or set of parameters (θ), given the data (D) and some prior knowledge (I), in terms of the

likelihood of obtaining the data given the model and the prior information, and the likelihood of

the model given the prior information. The likelihood of the data given the prior information is a

normalization constant, and is usually used to determine the suitability of the prior information,

and is called theevidence. Bayes Theorem follows easily from the basic laws of probability,
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starting with the product rule,

prob(θ,D|I) = prob(θ|D, I)× prob(D|I)

prob(θ,D|I) = prob(D,θ|I) ∴

prob(θ|D, I)× prob(D|I) = prob(D|θ, I)× prob(θ|I)

(2.24)

which rearranges to

prob(θ|D, I) =
prob(D|θ, I)× prob(θ|I)

prob(D|I) (2.25)

Maximum Likelihood and Least Squares

If the model is well defined, with a fixed set of parameters to optimise, Bayes’ theorem can be

combined with amaximum likelihood treatment to obtain the results. This approach depends on

some simplifying assumptions. First, the prior is set to be a constant, indicating that not much

about the model is known before hand. As a result the posterior PDF becomes proportional

to the likelihood function, and the analysis reduces to finding the model or set of parameters

that maximises this side of the relation. The second assumption is that the distribution of errors

on the data is Gaussian. Then for each data point, the likelihood function can be written as

Eq. 2.26.

prob(Di|θ, I) =
1

σi

√
2π

exp

[
−

(D̄i − Di)2

2σ2
i

]
(2.26)

whereσi representsthe error on pointi andD̄i is the noiseless data measurement. The relation

of D̄i to Di and the size ofσi should be predicted as part of the prior information,θ, I. If we then

assume that each data pointi is independent, the total likelihood function is the product of the

likelihoods of allN data points,

prob(D|θ, I) ∝ exp
[
− (D̄1−D1)2

2σ2
1

]
× ...×exp

[
− (D̄N−DN )2

2σ2
N

]

prob(D|θ, I) ∝ exp
[
− (D̄1−D1)2

2σ2
1

+ ...+ − (D̄N−DN )2

2σ2
N

]

prob(D|θ, I) ∝ exp
[
−Σ

N
i

(D̄i−Di)2

2σ2
i

]
(2.27)

Theexponent is equivalent to the sum of the squares of the residuals, orχ2. Thus the likehood

function can be rewritten as Eq. 2.28,

prob(D|θ, I) ∝ exp

(
−
χ2

2

)
(2.28)
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Going back to our assumption of a uniform(flat) prior, then the logarithm of the PDF becomes,

loge prob(θ|D, I) = C −
χ2

2
(2.29)

ThePDF is maximised whenχ2 is minimised. This is calledleast squares and this formali-

sation is common in data analysis.

Maximum Entropy

In some situations parameterising the problem is very difficult, such as when trying to recon-

struct the 2D surface mass density using weak shear measurements. In this case, assuming the

physical quantity you are trying to reconstruct is positive and additive, it is easier to interpret

the problem as trying to determine the amplitude at different points on a grid,j. Then the prior

PDF is no longer uniform, and can be described by an entropic prior, Eq. 2.30.

prob(a j|m j,α, I) ∝ exp(αS) (2.30)

wherea j describes the amplitude in each binj, S is the entropy ofa j relative tom j, thelebesgue

measure, andα is the entropic regularization parameter, controlling how much amplitude in to-

tal is allowed into the system, and preventing overfitting too small scale perturbations.

The posterior PDF then becomes Eq. 2.31, which can be seen as constrained minimisation

of χ2, with the entropic prior acting as a regularizer.

prob(a j|Di,m j,α, I) ∝ exp

[
αS −

χ2

2

]
(2.31)

Theresult,̂κ is found by maximisingαS − χ2

2 for each binj on the grid. Examples of weak lens-

ing mass reconstruction methods using maximum likelihood and maximum entropy algorithms

are discussed below.
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2.6.2 Non-parameterised Methods

In this section I will discuss the development of non-parameterised mass reconstruction meth-

ods, and the differences between direct inversion and indirect techniques.//

Multiple mass reconstruction methods have been developed since Kaiser & Squires first de-

veloped their inversion technique in 1993. The early methods sought to improve on the KS

method, correcting for boundary artefacts and the mass sheet degeneracy (Seitz & Schneider,

1996). Bartelmann et al. (1996) developed a maximum likelihood technique, based on aχ2 fit

of a model to the data. In 1998, Bridle et al. and Seitz et al. used entropy as the regulating fac-

tor in a new maximum likelihood technique. Bridle et al. first developedLENSENT, a package

to perform maximum entropy mass reconstruction. Then in 1999 Lombardi & Bertin derived

a direct method from variational principles, that was also independently described by Seitz &

Schneider (2001), that allowed for fast direct techniques that improved on the computational

cost of the previous direct finite field method. (Marshall et al., 2002) modifiedLENSENT to

treat each galaxy individually, producingLENSENT2.

Ideally a cluster mass reconstruction based on lensing needs to break the mass sheet degen-

eracy, return a unique model for the two-dimensional mass distribution and minimise the impact

from the intrinsic ellipticities of the background sources and PSF problems. Kaiser & Squires

(1993) formulated a model independent inversion technique for mass reconstruction. While the

problem had been solved for a theoretical shear field, this paper solved it for a solution in real

space, considering not only continuous fields, but also discrete galaxy catalogue data. Kaiser

and Squires did this by solving for the continuous distortion field case, then using a practical

estimator to convert this method to real space. The drawback of this method is that the intrinsic

galaxy ellipticities causes infinite noise when applying the estimator, which requires filtering to

compensate.

Given a lensing deflection potentialϕ we can define the shearγ and convergenceκ as

2κ = ∇2ϕ(θ̄) = ϕ2
,11+ϕ2

,22 and γ = {(ϕ2
,11−ϕ2

,22)/2,ϕ,12} (2.32)
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both are linear combinations ofϕ, soγ can be expressed as a convolution ofκ with a kernelD,

whereD describes the shear created by a point mass,

γ(θ) =
1
π

∫

ℜ2

d2θ′D(θ − θ′)κ(θ′) (2.33)

wherethe kernel is given by,

D = −
θ2

1 − θ2
2 + 2iθ1θ2

|θ4| (2.34)

Thenthe Fourier transforms of the shear, convergence and kernel are given by,

γ̂1(k̄) = −
1
2

(k2
1 − k2

2)ϕ̂(k̄) γ̂2(k̄) = −k1k2ϕ̂(a
¯
rk) (2.35)

κ̂(k̄) = −
1
2

(k2
1 + k2

2)ϕ̂(k̄) (2.36)

D̂(k̄) = π
|k2

1 − k2
2 + 2ik1k2|
|k2| (2.37)

thenthe convolution can be written in Fourier space as,

γ̂(k̄) =
1
π

D̂(k̄)κ̂(k̄) (2.38)

wherek 6= 0. This relation can be inverted to give

κ̂(k̄) =
1
π

D̂∗(k̄)γ̂(k̄) (2.39)

where* denotes the complex conjugate. Then performing an inverse Fourier transform gives

the result,

κ(θ̄) = κ0 +
1
π

∫

ℜ2

d2θ′D∗(θ − θ′)γ(θ′) (2.40)

whichcan be converted to consider discrete shear measurement from a catalogue,

κ(θ̄) = κ0 +
1

nπ

∑

g

D∗(θ − θg)ǫ (2.41)

andǫ is the measured ellipticity of galaxy image denoted byg (Kaiser & Squires, 1993; Squires

& Kaiser, 1996; Narayan & Bartelmann, 1996; Schneider, 2006c). This method is limited

in that it only applies to weak data, as strong lensing is non linear and makes the inversion

method complicated, and assumes the field is infinite. If applied to the more realistic finite

field, i.e. the field of a camera on a telescope, the method generates boundary effects. Seitz &
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Schneider (1996) (hereafter SS96) derived a finite field version of the above inversion method

by considering a finite field kernel that minimised the observational noise. It was based on their

previous work which extended the Kaiser and Squires method into the strong lensing regime

(Seitz & Schneider, 1995; Schneider & Seitz, 1995). Consider the vector fieldu, defined as the

gradientof K = ln(1−κ(θ)),

u = ∇K(θ) (2.42)

SS96found thatu is not completely a gradient field; that due to noise from intrinsic image

ellipticities and the discrete data approximation, it has a rotational component.

u = ∇K̃(θ) + rot s(θ) (2.43)

Heres(θ) is a scalar field. The various finite field methods differ in how they treat this noise

component. SS96 minimised this by imposing two conditions: the mean ofrot s(θ) is zero over

the data fieldU to remove the systematic noise component, androt s(θ) is zero ifu is a gradient

field. The two conditions can be satisfied by settings equal to zero on the boundaryδU of U . As

the noise component is random, then the mean difference between∇K̃ and∇K is zero, while

the mass sheet degeneracy meansK has an additive constant, denotedK̄. Now SS96 introduce

their finite field noise minimising kernelH,

K(θ) − K̄ =
∫

H(θ′,θ)·u(θ′).d2θ′U (2.44)

A unique solution for this kernel is obtained by settingH to be a gradient field with the Neumann

boundary conditions,

cH(θ′,θ).n(θ) = 0 on δU (2.45)

∇·H(θ′,θ) = −δ(θ′ − θ) +
1
A

(2.46)

whereA is the area of the field. They found that estimator was slightly more noisy then the

Kaiser and Squires method, but was less noisy then other finite field methods, and removed

the boundary effects in the original Kaiser and Squires method. However, evaluatingH is very

costly in computer time, and so the maximum grid size that it can be reconstructed on is limited.

This means that large fields or those that have an irregular shape take impractical lengths of time
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to analyze. Seitz & Schneider (2001) improved on their earlier method by finding a simpler way

to solve forK.

∇2K = ∇·u (2.47)

As in the 1996 method,s(θ) equals a constant on the boundary ofU , then this rotational com-

ponent is perpendicular to the normal vectorn on this boundary, and

n ·∇K = n ·u (2.48)

Now K is obtained by solving the Neumann problem, instead ofH. This can be applied to any

type of fieldU and the computational methods for solving this are faster then those needed to

evaluateH. Further numerical tests showed the noise restriction was comparable to the 1996

method.

But while a direct method such as this and the KS93 method are computationally very fast,

they cannot account very easily for magnification or strong lensing constraints, which makes it

hard to break the mass sheet degeneracy, and the choice of smoothing parameter can be arbitrary.

Bartelmann et al. (1996) developed a maximum likelihood method based on a leastχ2 fit

of a two-dimensional cluster potential to an observed shear pattern. Once the observed shears

and sizes are averaged locally and smoothed, then for a grid of cells (k, l), each have a reduced

shear valuegi and magnificationµ. Then as both the shear and the convergence are related

to ϕ (Eq. 2.13, 2.14) the second partial derivations ofϕ are converted into second order finite

difference approximations, and theχ2 function can be written as

χ2 =
∑

k,l

1
σg(k, l)

[gi(k, l) − ĝi(k, l)]
2 +

1
σr(k, l)

[r(k, l) − r̂(k, l)]2 (2.49)

wherer = µ−1, ĝ andr̂ are the values obtained from modelϕ andσg, σr are estimated from the

data. Thenχ2 is minimised to produce the potential model parameters that best fit the shear data.

The reconstruction was then tested and compared with a simulated cluster model. As seen

Fig 2.6.2, (Bartelmann et al., 1996), the maximum likelihood method accurately reproduced
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Figure 2.3: Original caption (Bartelmann et al., 1996): "Fourcontour plots showing the original cluster model in
panel(a), the reconstruction in panel (b), the difference between the two in panel(c), and the dimensionless two-
dimensional potential in panel(d). Contours in panels (a) and (b) a respaced by 0.1 and the heavy contour follows
κ = 0.5. In panel(c) the contours are spaced by 0.05 and the heavy contour follows∆κ = 0. The potential is kept
fixed atϕ = 0 at three corners. The heavy line in panel(d) follows the arbitrary contourϕ = 5 and the contours are
spaced by 1.5. The side length of the fields is 5’."

the mass distribution of the cluster. The inclusion of magnification data breaks the mass sheet

degeneracy, and by focusing on recovering the potential rather then the shear field, as shear and

convergence are related to each other through the potential, this method also limits the noise.

These inverse methods are more accurate then the direct methods (the Kaiser and Squires In-

version, and all methods based upon it) above, but take much more computation time.

Squires & Kaiser (1996) addressed the increased noise of the Seitz and Schneider method

compared to the 1993 KS method. KS96 constructed an exact inverse gradient operator in

Fourier space that performed favourably compared to previous finite field methods. They also

expanded on the maximum likelihood method, finding the best results included a Fourier space

regulariser, which demanded that the mass density coefficients be taken from a Gaussian distri-

bution. One of the benefits of this method was that unlike using a usual Laplacian regulariser,

the noise components were small at all frequencies. The method was also very fast, and could

conserve spatial resolution. An important feature was it could also be extended to include strong
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lensing constraints, leading to more accurate modelling of the mass distribution in the core of

the cluster.

The maximum likelihood method with Fourier regulariser is a case of maximum entropy re-

construction (Bridle et al., 1998). Seitz et al. (1998) (hereafter SSB98) and Bridle et al. (1998)

(hereafter B98), in 1998, both considered the case of maximum entropy reconstruction. Where

Seitz et al. sought to reconstruct the lensing potential, Bridle et al. sought to reconstruct surface

mass density at the grid points.

SSB98 notes that the integral noise in the ellipticity measurements is due to the intrinsic

ellipticity distribution of the sources. When performing a maximum likelihood fit, this noise

causes the model to try and fit to small scale fluctuations rather then the actual distribution.

SSB98 compensates for this by using an entropic regulariser, which dampens the noise signal.

This method seeks to minimise

E({ϕ})
.
= −

1
Ng

lnL({ϕ}) +ηR({ϕ}) (2.50)

whereL is the likelihood function,η weights the smoothness andR, the entropic regulariser, is,

R =
NxNy∑

i, j=1

κ̂i j ln

(
κ̂i j

bi j

)
(2.51)

Hereκ̂ is the normalised surface density at grid points, and the priorb is found by using a direct

reconstruction as the initial prior, minimising E a few times, then using a smoothed version of

the resulting distribution as the ultimate prior. The resulting algorithm was faster than Bridle’s

grid based method, could be adapted to any geometry, and could even include magnification

information, strong lensing constraints, and information on observational errors.

In B98, the inversion is regularised by an entropic prior,S(κ,m) (Eq. 2.52). This prior

describesthe cross entropy between the real shear field,κ, and the model shear field,m,

S(κ,m) =
L∑

j=2

κ( j) − m( j) −κ( j) ln

[
κ( j)
m( j)

]
(2.52)
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and the probability of obtaining the observed ellipticities given a convergenceκ, assuming

Gaussian errors and non correlated observed data, is given by Eq. 2.31, as in § 2.6.1. This

method was particularly useful when reconstructing the mass of clusters for which the observ-

ing field is an odd shape or smaller then usual, as previously this required using more grid points

and was very expensive computationally.

So far these inversion methods have required regularization to prevent over fitting, and in

most cases the data is binned before being analysed. Marshall et al. (2002), like SSB98, took the

inversion technique of Bartelmann et al. (1996) and B98 and extended it to consider each back-

ground galaxy measurement discretely, rather than taking a local average. To do this they chose

the reconstruction grid to have one galaxy per pixel, and denoted the observed ellipticity of that

galaxy asǫi. A predicted reduced shear field was generated using a model mass distribution and

the relations used in KS93:

g(θ) =
1

1−κ(θ)
· 1
π

∫
D(θ − θ′)κ(θ′)d2θ′ (2.53)

Thenthe likelihood of the data given the model can be written as

Pr(data|Σ) =
1
zL

exp−
χ2

2
(2.54)

χ2 =
N∑

i=1

2∑

j=1

(ǫ j,i − g j,i)2

σ2
(2.55)

wherethe errorσ takes into account both the observational error and intrinsic ellipticities of

the sources, andzL is a normalisation factor. Finally, to account for the model of a cluster as

a smooth extended distribution, anintrinsic correlation function (ICF) is used, which replaces

the smoothing used in the previous methods. This maximum entropy method was originally ap-

plied in the programLENSENT (B98), and was very successful at reconstructing accurate mass

distributions. In 2002 an improved version,LENSENT2, was released (Marshall, 2001; Marshall

et al., 2002; Bradǎc et al., 2004b; Bradǎc, 2004; Bradǎc et al., 2006), and this version was used

to obtain non-parameterised mass reconstructions of the clusters in our sample.
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The Aperture Mass Statistic and Densitometry

The other, main non-parameterised method of obtaining information on the DM density field

from weak shear data is the Aperture Mass Statistic (AMS), and its use in determining the

2D mass distribution and mass peak positions, called Aperture Mass Densitometry. The AMS

measures the convergence,κ, within an aperture, which is proportional to the mass within that

aperture, by relating it to observable local faint galaxy shear (Eq. 2.56) (Fahlman et al., 1994;

Kaiser, 1995; Schneider, 1996; Clowe et al., 1998),

ξ(1) = κ̄(r < r1) − κ̄(r1 < r < rmax) = 2

(
1−

r2
1

r2
max

)∫ rmax

r1

< γT > dlnr (2.56)

The mass can then derived using the relationM(< r1) = πD2
Lr2

1Σcritξ(1). By placing multiple

apertures over the field, this statistic can be used to locate mass peaks and assess their signifi-

cance with respect to theκ background, far more simply than the complex direct and indirect

algorithms described above (Schneider et al., 1998). The AMS can be to provide lower bounds

on the mass within the aperture, and is very useful for detecting structures in weak lens surveys

where the centre of the mass distribution is not known, or for detecting large scale structure,

where there low signal and extended shape means a sharply significant central mass peak is

hard to locate (Jarvis et al., 2004). In this thesis work I focus on the maximum entropy based

LENSENT2 algorithm, and do not use this statistic.

2.6.3 Parameterised Methods andLENSTOOL

The previous methods are parameter free, focusing on either directly findingκ from the shear

measurements or fitting the most likely potential to the shear data. While parameter free meth-

ods allow more freedom in fitting disturbed or unusual clusters,the interpretation of the results

suffers from the fact that the potential recovered may have no physical basis; it is just the solu-

tion that best fits the data. Parameterised methods allow the models to be fitted with generally

fewer free parameters then non-parametric methods. Physical assumptions, such as symmtery,

model complexity (possibly motivated by a non-parameterised reconstruction) and centering
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the mass distribution on the BCG, make the interpretation of the results clearer. The models can

be constructed so it is easier to extract meaningful physical quantities from the results, such as

mass or velocity dispersion. Another advantage of parameterised models is the use of ’stacking’

to obtain averaged weak lens mass distributions of structures, such as groups and galaxies, that

would be too undermassive to have a significant shear signal for non-parameterised reconstruc-

tion (Hoekstra et al., 2001, 2003, 2004; Mandelbaum et al., 2006; Leauthaud et al., 2010). But

parameterised models require some prior understanding of the existing structure in the cluster,

otherwise information on complexity in the mass distribution may be lost if the model fitted

to the data is too simple. Similar stacking only returns an average distribution that will have

necessarily assumed symmetry and a model with limited complexity.

Early implementation of parameterised modelling included Kochanek (1990), who investi-

gated fitting a parameterised model to the observed ellipticities in A370, in order to extract the

global potential of the cluster. Miralda-Escude followed in 1991, but probing the accuracy to

which the parameters could be obtained via fitting. Both concluded that while this accuracy was

severely limited by the intrinsic ellipticity distribution, they could reconstruct the mass distribu-

tion of a cluster with parameterised fitting. Much progress has since been made on constraining

the systematics in parameterised modelling, and investigating the impact of DM substructure

and projection effects.King et al. (2001) found that adding substructure to the underlying mass

distribution increased the error in the best fit parameters by 3%, and even doubling the am-

plitude of the substructure caused only a 10% increase in the parameter dispersion. Hoekstra

(2003) noted that this result did not take into account line of sight large scale substructure, and

found that the errors inM200 andc were twice as large than when this was accounted for.

Other systematics can be introduced when using an inappropriate model to fit that data. King

et al. (2002) used a shear maximum likelihood analysis to fit a 3 parameter Singular Isothermal

Ellipsoid (SIE) (Kormann et al., 1994) and a 2 parameter Navarro-Frenk-White (NFW) (Navarro

et al., 1997) profile to A1689. They found the NFW proved a better fit, and found that fitting
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the deviation from the isothermal profile was more fundamental than fitting the non circular

symmetry. Corless & King (2007) found that when ellipticity of the cluster was extended along

the line of sight, the mass of the cluster was overestimated by 50% and the concentrationc was

doubled. Clowe et al. (2004a) concluded that the dominant effect causing parameter variation

was ellipticity along the line of sight, whereas substructure along the line of sight had only a

minor influence.

Finally, SL and WL in combination with parameterised modelling can provide constraints

on the entirety of the cluster DM profile, and on the mechanics of structure formation. Kneib

et al. (2003) used strong lensing constraints from CL0024+1654 to obtain a core mass measure-

ment, then combined this with weak lensing data to test the fit of a NFW-like halo on the scales

of 0.1− 5Mpc. They found that the NFW profile best fitted the cluster, and that the mean mass

to light ratio of the cluster was constant over this range. From these results they concluded that

the clusters primarily grow via accretion of groups, not individual galaxies.

The parameterised modelling can be performed in several ways. The tangential shear can be

binned as a function of radius, and then aχ2 analysis performed to obtain the best fit parameters

for the model. This method assumes spherical symmetry and uses radial binning, which may

not be appropriate depending on the geometry of the cluster. Alternatively, the log-likelihood

function can be minimised to obtain the best fit parameters for a particular model (Schneider,

2006c),

− lnℓ =
Ng∑

i=1

|ǫi − g(θi,{a,b,c, ...})|2
σ2

i (θi,{a,b,c, ...})
+ 2lnσi(θi,{a,b,c, ...}) (2.57)

whereσi is based on assuming the intrinsic ellipticities follow a Gaussian with widthσǫ, then,

σi ≈ σǫ(1− |g(θi,{a,b,c, ...})|2) (2.58)

and{a,b,c, ...} represents the set of parameters of the model to be fitted. Depending on the

choice of model, the fit returns different parameters.
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LENSTOOL (Jullo et al., 2007)1 uses Bayesian optimisation to find the best fit parameters to

a chosen model. An important feature ofLENSTOOL is using the difference between the logged

evidence to determine the optimum model:∆(ln(Ei) − ln(E j) > 1 implies that modeli is signif-

icantly more likely than modelj (Jeffreys, 1961).

LENSTOOLconvergences on the posterior PDF using Monte Carlo Markov Chains (MCMC).

At each step in the optimisation, ten random samples are taken from the current estimate of the

posterior PDF, one for each MCMC. The likelihood of each sample is calculated, and those with

the worst likelihoods are rejected, while those with the best likelihoods are replicated so each

chain has a sample. The duplicated samples are then randomly shifted in the parameter space

to ensure each chain is independent. The ten samples are then added to the chains and used as

the basis for the next calculation of the posterior PDF. The random selection of samples at step

is designed to prevent the optimisation from falling into a local maxima. As a result, the output

from LENSTOOL is a list of samples from the posterior PDF, but with more samples from where

the PDF is highest.

In order to ensure enough samples are drawn in order to constrain the parameters being fit-

ted,LENSTOOL uses anannealing cooling factor,γ (Eq. 2.59) At the start of the optimisation,

γ is increased from zero to one at each step, by increments ofδγ. δγ is found by calculating

the maximum and mean likelihoods of 10 randomly drawn samples, and applying this factor

to a rate parameter set by the user,δγ ∼ RAT E/(ln(Lmax) − ln(L̂)). At the start of the conver-

gence, and whenever the sample likelihoods are very disparate,δγ becomes very small, and

the convergence slows down. The smaller the rate parameter, the slower the convergence, and

the optimisation is more accurate. However, very small rate parameters make the optimisation

computationally expensive.

Pr(θ|D,M) =
Pr(D|θ,M)γPr(θ|M)

Pr(D|M)
(2.59)

1LENSTOOL is available from http://www.oamp.fr/cosmology/lenstool/
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Although the use of parameterised models means small scale complexity is lost, and es-

sentially imposes a smoothing of the potential, with the correct prior information, large scale

structure within the cluster can be constrained.LENSTOOL has had success in reconstructing

the mass profiles of clusters (Smith et al., 2005; Limousin et al., 2007b; Richard et al., 2007),

and can include strong lens constraints, and so was chosen for the parameterised fitting in this

analysis, details of which are discussed in depth in § 4.

Pseudo Isothermal Elliptic Mass Distributions

Pseudo Isothermal Elliptic Mass Distributions (PIEMD) (Kassiola & Kovner, 1993) are used

in this analysis to describe the cluster and cluster galaxy DM haloes. The PIEMD accounts for

ellipticity in the mass distribution, yet also matches the isothermal slope in the SL region of the

core, while also being analytically integrable and not too computationally expensive to do so.

The truncated PIEMD (Kneib et al., 1996) consists of a superposition of two PIEMD haloes,

and chosen to take into account tidal stripping of subhaloes within clusters (Limousin et al.,

2005) and for ease of comparison with (Smith et al., 2005). The truncated PIEMD is described

below, using the notation in (Kneib et al., 1996).

Σ(x,y) = Σ0
rcrcut

rcut − rc
 1√

r2
c +ρ2

−
1√

r2
cut +ρ2

 (2.60)

whereρ andMtot are defined as follows,

ρ2 = x2

(1+ǫ)2 + y2

(1−ǫ)2

ǫ = (a − b/a + b)

Mtot = π
Gσ2

0r2
cut

(2.61)

Herercut is the truncation radius, with the surface mass density falling asr−3 if r >> Rcut . Be-

tweenrcore andrcut the slope is isothermal (density falling asr−2).
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2.6.4 Complications in Weak Lens Observing

Point Spread Function

The Point Spread Function (PSF) of a telescope causes a distortion of all sources it images,

and is the result of a combination of distorting effects: atmospheric dispersion, the diffraction

pattern of the telescope, focussing issues, etc. The distortion characterised by weak shear can

be a degree of magnitude smaller than the distortion caused by the PSF, thus accurate modelling

of the PSF is vital to obtaining good measurement of the galactic shears.

The PSF is corrected for by creating a model of the distortion and then deconvolving its

impact from the observed sources’ shapes. Constructing the PSF model is done by finding the

distortion in the shapes of stars. Stars should be observed as point sources on the sky, and there-

fore can be described using aδ-function. The PSF causes the images of the stars to be blurred

and measuring the degree of this smearing on stars that sample the full field of view of the

image means we can build a map of the PSF distortion. However, problems arise when there

are few stars in the image, or when the positions of the stars doesn’t evenly sample the field

of view. For many observatories, PSF correction can be achieved by using images of globular

clusters, where the high density of stars means the PSF can be accurately modelled over the

whole image. Alternatively, if the PSF is stable, then the stars from several images with similar

observing conditions can be combined to create an average PSF map for the sample.

The PSF of the Advanced Camera for Surverys on the Hubble Space telescope (HST:ACS)

is a particular challenge to model as the PSF changes over time as the telescope changes tem-

perature and ages, thus making it difficult to use standard PSF models from images of globular

clusters, or from combining star catalogues from a set of observations (Rhodes et al., 2007).

The observations were taken over a period of several months, therefore we could not stack the

images to obtain an average PSF. Instead, we individually modelled the PSF in each image,

then used the average ellipticities of the stars to match clusters with similar PSFs, and thus aug-

mented the PSF modelling with stars from both images. To do so we used a Bayesian shape
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fitting code calledIM 2SHAPE(Bridle et al., 2002)2.

IM 2SHAPEuses Bayesian parameter estimation to fitN Gaussians to object images. It starts

by taking in a list of object positions, and takes a snapshot of each object in the list. Then

each object is treated as a convolution of a PSF made fromN Gaussians, and a galaxy shape

made fromM Gaussians, each Gaussian described by its position, ellipticity, angle, size and

amplitude. This treatment makes it easier to deconvolve the PSF from the measured shape.

IM 2SHAPE then creates Monte Carlo Markov Chains, i.e. computer simulated random walks,

for a preset number of steps, and the maximum likelihood method, to converge on the PDF and

obtain samples of the parameters. The most probable parameters are then found by obtaining

the mean and standard deviation from each set of parameter samples.

The degree to whichIM 2SHAPEcan correct for the PSF was tested as part of the Shear Test-

ing Programme (STEP) (Heymans et al., 2006; Massey et al., 2007). This tested the ability of

several different shape measurement and non-parameterised weak lens reconstruction methods

to correct for the PSF and detect cosmic shear, the weak lensing of faint galaxy sources from

all structure along the line of sight. The programme found thatIM 2SHAPEperformed well, and

successfully removed the PSF, measuring the cosmic shear to an accuracy of 4%. It noted that

the number of iterations thatIM 2SHAPEuses to converge on the shape PDF can bias the shape

parameter distributions if this number if too low. The programme recommended increasing the

number of iterations until the shape parameters converged, as I demonstrate my results do in

§ 3.5.

;Our PSF correction was performed by usingIM 2SHAPEto fit a double Gaussian to the stars.

The stellar shapes were then compared to aδ-function, and the ;residuals were smoothed to form

a map of the PSF. The smoothing scale was dependent on the number of stars and the width of

the field of view. After the initial PSF map ;construction, the map was used to correct the stellar

ellipticities without refitting them. For those clusters with very few stars, or a poorly sampled

field of view, ;the correction combined with stars from one other cluster was also investigated.

2IM2SHAPE is available from http://www.sarahbridle.net/im2shape/
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Where the correction was improved the final PSF map was made with the augmented star ;cat-

alogue.IM 2SHAPEcould then use this map when fitting the a single Gaussian to the shapes of

the galaxies, to obtain PSF corrected shear measurements accurate ;enough to constrain the DM

distribution.

Cluster Contamination

Weak shear analysis requires a catalogue of background galaxies whose images have been im-

pacted to a greater or lesser degree by the lensing power of a foreground system, in our case

a galaxy cluster. Cluster contamination refers to the situation where faint cluster members are

accidentally included in the background galaxy catalogue. Unlike the background galaxies, the

cluster galaxies are randomly orientated, and this, combined with the likelihood that the cluster

members are among the brighter background galaxies and thus are likely to have smaller mea-

surement errors, leads to the overall shear signal being diluted. This dilution can be as severe as

a factor of 2-5 atR ≤ 400kpch−1 (Broadhurst et al., 2005), depending on the observations and

the redshift of the cluster.

To reliably remove cluster members from a catalogue, it is necessary to identify the Red

Sequence. By obtaining imaging in two separate filters, the Red Sequence galaxies can be re-

moved from the background catalogues (Okabe et al., 2010a,b). However contamination may

still be an issue from faint, blue cluster members. The dilution of the weak shear signal in com-

parison to the signal from galaxies redder than the Red Sequence can be used to create limits

on a colour-colour diagram that has had success in producing weak lensing constraints in close

agreement with strong lensing constraints (Medezinski et al., 2010; Umetsu et al., 2010), while

careful analysis of the dilution effect could be used to further constrain the luminosity profile

of the cluster itself (Medezinski et al., 2007)

In the analysis described in this thesis, observations were only available in one filter,V606.
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The background galaxy catalogues were constructed using only a magnitude cut, thus cluster

contamination will have an impact on the degree to which we can constrain the masses of the

clusters. The literature suggests the degree of low mass bias is proportional to the fraction of

cluster members and foreground galaxies contaminating the background sample, and is worse

when analysing the dense cores of clusters (Medezinski et al., 2007; Umetsu & Broadhurst,

2008). In response, we have modelled the correction in our results assuming varying degrees

of cluster contamination in order to fully assess the impact on our cluster mass constraints. For

full details see § 4.2.3.



Chapter 3

Observations and Analysis

As established in the Introduction, multi-wavelength analysis of clusters is very important for

interpreting their infall history and structural evolution. One of the goals of this thesis is to

provide 2D maps of X-ray, Infra-Red and mass structure for comparison, and to use different

observational probes to support the weak lens analysis. To this end, Infra-Red, X-ray and opti-

cal observations were analysed as part of this thesis work.

In this chapter I describe the galaxy cluster sample selection, and the reduction and initial

analysis of the HST:ACS SNAPSHOTS and the multi wavelength data. This includes correc-

tion for instruments errors in the ACS, the construction of the PSF corrected faint galaxy shear

catalogues, the IR cluster galaxy catalogues, the generation of K-band luminosity based DM

distribution priors for theLENSTOOL weak lens modelling, and obtaining projected Hernquist

masses from the X-ray data.

3.1 Optical Imaging with the Hubble Space Telescope

3.1.1 Sample Selection

The LoCuSS galaxy cluster sample from which our subsample was drawn consists of over

100 X-ray luminous local galaxy clusters selected from the ROSAT All Sky Survey cata-

logue, (Böhringer et al., 2004a; Ebeling et al., 2000, 1998), within constraints of 2× 1044 <

LX < ×1045ergs−1. The redshift range of 0.15< z < 0.3 was chosen to be as local and narrow

63
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as possible, to maximise the efficiency of lensing as a tool to probe the cluster mass distribu-

tion, avoid considerable evolution within the sample, yet allow>∼ 100 clusters in order to get

reasonable statistics on cluster complexity and dynamics segregation in the mass-observable

scaling relations. Further selection criteria included restriction to those clusters viewable from

Hawaii and Chile,−70o ≤ δ ≤ +70o, and a limit on column density to minimise contamination

by bright stars (nH ≤ 7×1020cm−2) (Smith, 2006).

Of these> 100 clusters, 21 are studied as part of this thesis work. These clusters have X-ray

luminosities ranging from 1.8×1044 to 12.3,26.6×1044ergs−1 (the extrema is the Bullet Clus-

ter), and lie between redshifts of 0.1483 and 0.2984,0.42 (the extrema is A 3192, which will

be discussed in § 6.2), consistent with the original sample. This subsample was selected based

on those clusters the HST:ACS was able to observe before it’s critical failure in January 2007.

This clusters were observed as part of a SNAPSHOT program: shallow observations with short

overhead times are slotted into the HST observing schedule where there is time and when the

telescope is pointing in the correct direction in the sky. This means that these 17 were not pref-

erentially selected for their mass or luminosity, but for their position on the sky, which should

not bias the sample. As one of the goals of this thesis was to improve the statistics on structural

segregation of the cluster population by increasing the sample sized used in the Pilot Study, it

was decided to search the archives after the ACS failed. Thus the 4 remaining clusters in the

subsample were selected from the HST:ACS archive, based on the observations having similar

observing conditions and filter choices as the 17 clusters observed explicitly for LoCuSS. Such

a heterogenous sample allows us to study the mass distribution of a large range of cluster types,

and matches the original aims of the LoCuSS sample construction. While the sample size is not

as big as originally planned, it is increased by a factor> 2 compared to the Pilot Study, and thus

the statistics will be marginally improved.
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3.1.2 Data description

Weak lensing shears are characterised by such small distortions that a significant detection re-

quires many measurements of galaxy ellipticities to be averaged. As a result the measurement

of the individual galaxy shape distortions are particularly sensitive to any form of systematics

in the observation process. Ground based telescopes suffer from airmass distortion due to dif-

ferential refraction in the upper atmosphere: the same effect that makes stars twinkle makes it

hard to observe fainter objects clearly. Space based observations avoid this problem entirely,

allowing data deep enough for weak shear analysis to be obtained with lower exposure times.

TheHubble Space Telescope (HST) has famously revolutionised space based observation in this

respect, and the SNAPSHOT survey program allows for quick and efficient observation of large

cluster samples.

As part of HST SNAPSHOT Proposal 10881 (Smith, 2006), seventeen clusters were ob-

served with Advanced Camera for Surveys (ACS), between the 15th of August 2006 and the

26th January 2007. Each cluster was observed for a total 1.2ksec, split into 3 exposures of

400sec, through the F606W filter (hereafterV606). Each set of observations followed the ACS

WFC line dither pattern, with a shift of∼ 0.3” between each exposures. The archival observa-

tions ofA611,Z 2701 andA2537 from Proposal 9270 (Allen, 2002), were also observed with

HST:ACS using the F606W filter, between 22nd October and 3rd December, 2002, for between

2− 2.2ksec. These observations followed the ACS WFC box filter, with 4 pointings each and a

0.265" shift between exposures. The two Bullet Cluster frames, from Proposal 10200 (Jones,

2004) were observed on 21st October 2004, for a total of∼ 2.3 ksec each, split between 4

exposures and using two different line patterns with shifts of 3.0" and 1.265". General cluster

and observation details are given in Table 3.1, while the general observation details are listed

below, to assist those readers wishing to repeat or assess the reduction.

(i) Gain: 2

(ii) Saturation: 84700e−
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(iii) Zeropoint: MF606W = 32.90 magnitudes for Proposal 10081,MF606W = 33.23 magnitudes

for Proposal 9270,MF606W = 33.31 magnitudes for Proposal 10200

3.1.3 Data Reduction

MULTIDRIZZLE (Koekemoer et al., 2002) was used to reduce all 21 clusters. Drizzling is the

process of reducing the flat field science products of the ACS into single images, at the same

time correcting for the spatial distortion of the camera and removing image defects. The name

comes from the ’drizzling’ of the observed pixels onto their true positions on the output image.

The process involves first drizzling each flat fielded (FLT) science image separately, applying

corrections for any image distortions, incorporating sky subtraction and using the result to con-

struct temporary bad pixel masks and weight maps. The separate images are then stacked to

create a median image to test and improve the bad pixel detection and improve the image align-

ment. This median image is thenblotted to produced a smoothed image, used to detect and

remove cosmic rays. Finally the seperate drizzled images are redrizzled onto a combined image

with geometric distortion corrected for, cosmic rays removed and bad pixels masked. The driz-

zling process produces a science and a weight image, with weight based on the exposure time

associated with each pixel. The reduction of the observations is described in detail below.

Reduction of Proposal 10081 Observations

The clusters observed for Proposal 10081 were dithered using theACS-WFC-DITHER-LINE

pattern with 3 pointings, each offset by (0.00,3.01)′′ ((0,60) pixels at 0.05′′/pixel) from the

previous position. Dithering involves taking exposures at different positions on the field of

view. Using this method, longer total exposure times can be obtained without over-saturation

of pixels. Telescope-specific discrepancies in the image can be identified and corrected for, and

cosmic ray detections removed. Sub-pixel shifts also allow resampling of the PSF of the tele-

scope, and for a higher resolution image to be reconstructed.
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Table 3.1: Cluster Sample

Cluster Redshift RA DEC Proposal ID Texp Lx Alternate Name
[s] [1044ergs s−1]

A 2813 0.2924 00 43 25.13 -20 37 01.4 10881 1200 8.80 RXC J0043.3-2037
A 0141 0.2300 01 05 37.17 -24 40 49.7 10881 1200 6.66 RXC J0105.5-2439
A 2895 0.2275 01 18 11.04 -26 58 11.7 10881 1200 6.43 RXC J0118.1-2658
RXC J0220.9-3829 0.2280 02 20 56.57 -38 28 48.0 10881 1200 5.82
A 0368 0.2216 02 37 27.80 -26 30 29.1 10881 1200 4.94 RXC J0237.4-2630
A 3084 0.2192 03 04 04.01 -36 56 27.0 10881 1200 4.68 RXC J0304.1-3656
A 3088 0.2537 03 07 02.19 -28 39 56.9 10881 1200 8.04 RXC J0307.0-2840
RXC J0331.1-2100 0.1880 03 31 05.87 -21 00 32.7 10881 1200 5.04 RBS 0436
A 3140 0.1729 03 36 15.84 -40 37 45.2 10881 1200 5.30 RXC J0336.3-4037
A 3192 0.42 03 58 54.16 -29 55 31.6 10881 1200 2.71 RXC J0358.8-2955
A 3292 0.1501 04 49 56.47 -44 40 24.1 10881 1200 3.29 RXC J0449.9-4440
RXC J0528.2-2942 0.1582 05 28 15.14 -29 43 03.9 10881 1200 2.87
A 3364 0.1483 05 47 37.79 -31 52 24.9 10881 1200 4.67 RXC J0547.6-3152
AS 0592 0.2266 06 38 45.23 -53 58 23.3 10881 1200 12.27 RXC J0638.7-5358
1ES0657-558 0.296 06 58 35.39 -55 56 57.18 10200 2336 26.63 RXC J658.5-5556
A 611 0.2880 08 00 55.92 36 03 39.6 9270 2160 8.05
A 781 0.2984 09 20 25.13 30 31 31.9 10881 1200 10.19
Z 2701 0.2140 09 52 47.52 51 53 27.6 9270 2280 6.32 ZwCL 0949.6+5207
RX J1000.5+4409 0.1530 10 00 31.16 44 08 42.5 10881 1200 1.82 RBS 0819
A 2187 0.1825 16 24 14.08 41 14 36.7 10881 1200 3.11
A 2537 0.2950 23 08 23.20 -02 11 31.0 9270 2080 11.76 RXC J2308.3-0211
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Figure 3.1: Left: 2-point line dither pattern. The different exposures are given in red and black stripes. Although
the interchip gap is covered with an observation, it is only singly observed, and artefacts such as hot pixels and
cosmic rays cannot be removed. Right: 3-point line dither pattern. An extra dither pointing, in green, means the
interchip gap is observed twice over and can be corrected for various phenomena.

Invoking a large dither shift has particular issues forACS:WFC observations due to off-

optical inclination of the detector causing changing distortion across the chipset: the larger the

shift, the large the change in distortion for any pixel. However, in order to obtain good weak

lensing constraints, the shear field needed to be sampled as completely as possible around the

cluster, and the clusters were centred just above the interchip gap between the top and bottom

WFC chipsets. Although the interchip gap can be covered using only 2 dither positions, by

using 3 dither positions, the gap is covered by at least 2 exposures, allowing for removal of

cosmic rays and for resampling of the PSF in this area. 3-point dither programs optimise the

balance between obtaining observations that be cleaned of defects and the limited observation

time associated with SNAPSHOTS. Fig. 3.1 shows the coverage of the 2 and 3 dither observa-

tion programs. The dithering process results in a poorly sampled region around the edge of the

final drizzled image, which ultimately was excluded from analysis.

MULTIDRIZZLE was initially run with the parameters given in MDRIZTAB, a multidrizzle

pipeline configuration file fromSTSDAS. Inspection of the reduced frames revealed a system-

atic background bias in each quadrant of the image, and long column like features (Fig. 3.2, top
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and bottom left). The background issues were traced to differing background levels on the FLT

frames. Each frame had two science images, corresponding to the top half and bottom half of

the ACS observation. Each science image had a very mild bias between the left and right half of

the image that, after reduction, produced the prominent effect found in the drizzled images. The

correction of this effect proceeded as follows: the background of each half flat fielded science

image was sampled randomly, producing a 3σclipped average designed to exclude contribu-

tions from features in the image. This value was then subtracted from the half science image,

and the drizzle process repeated.MULTIDRIZZLE includes its own background correction pro-

tocols, and repeated drizzling showed that this performed unsuccessfully when the background

was completely subtracted beforehand. By correcting for the bias in the FLT images and then

normalising the background to approximately the same value as the entire image, the drizzling

process was successful in removing the background (Fig. 3.2, top right).

The removal of the column like features in the images was more involved. These bad

columns were found occur in all the cluster science images, and were traced to vertical bad

pixel-width columns in the FLT images, which, when drizzled, produced narrow ’tramlines’ on

the images due to their dithered positions. It was decided to augment the bad pixel masks in-

cluded in the FLT images to allowMULTIDRIZZLE to remove the columns during the drizzling

process. The column data was extracted by averaging all the FLT science 1 and 2 images with

2σ clipping, using theIRAF tool imcombine. The images were then smoothed usingrmedian

with a 11 pixel width. This removed the small scale features in the averaged image, leaving only

the cluster galaxy contribution. Subtracting this information from the original averaged maps

allowed for the large scale features in the summed images to be removed, leaving only the bad

pixel columns common to each observation. This process is shown in Fig. 3.3. Usingimexpr,

this information was then added to the existing bad pixel masks. The success of the removal

after drizzling using the augmented masks is shown in Fig. 3.2, bottom right. The correction for

the background bias and the bad columns was applied to all the archival observations as well,

as part of an reduction pipeline applied to all ACS observations.
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Figure 3.2: Top: chip bias in ACS image of A2813. The left hand imageshows the background bias effect, while
the right hand image shows the results of the background correction before drizzling. Bottom: As above, but for
’tramlines’ caused by bad pixel columns in the undrizzled FLT images.

The output pixel scale was set to 0.03′′/pixel, allowable due to the pixel sub-sampling of the

dither process. This pixel scale optimised the sampling, and later correction, of the PSF. The

kernel that determines the way the pixel flux is distributed on to the output image was chosen to

besquare, however it should be noted that a Gaussian kernel is now considered more appropiate

for weak lens analysis (Rhodes et al., 2007).
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Figure 3.3: Left to right: Averaged FLT science images, this imagesmoothed and the result of subtraction of the
smoothed image from the averaged image. The two rows show the results from the two science images in each
FLT image. The cluster was centred on the top two chips of the detector.
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Reduction of Proposal 9270 Observations

The clusters observed as part of Proposal 9270 were not centred on the field of view, but were

centred on the topACS:WFC chipset. As a result removing the interchip gap was less of a con-

cern and these observations followed aACS-WFC-DITHER-BOX dither pattern with 4 point-

ings following a parallelogram. The smaller offsets of (0.187,0.265)′′ (∼ (3.74,5.3) pixels at

0.05′′/pixel) in the dither pattern mean these observations will suffer less from the varying pixel

distortions ofWFC, and have a more consistent subpixel sampling across the image. However

the placement of the cluster BCG means we are unable to sample nearly half the weak shear

field, which makes our ultimate constraints on the shape of the DM halo much weaker. The

background bias and bad column correction was applied to these observations as above, al-

though their science frames were not included in the mask generation.

Reduction of the Bullet Cluster Observation

The Bullet Cluster was observed as part of Proposal 10200. The observation was split into two

frames to focus on the two known components of this cluster. The overlap between the frames

was almost half a frame. Both frames followed two dither patterns: a primary line pattern,

and the second theACS-WCS-DITHER-LINE. Both patterns used shifts in the y-axis, 3.0′′ and

1.265′′ respectively. Given that the two frames are aligned along the y-axis, it is likely this

dithering pattern was chosen to cover the interchip gap and also temper the distortion effect

from very large shift. Apart from combining the catalogues once the faint galaxies were ex-

tracted from each frame individually, these observations required no special treatment and were

reduced as before.
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3.2 Ground Based Near Infra-Red Observations

The Near IR imaging was obtained using ISPI at CTIO, Flamingos at Kitt Peak and WIRC at

Palomar, between 2003 and 2008, and was reduced by Tom Targett. Full observation details are

given in Tables 3.2, 3.3.

Adjusting for different observatories, the reduction was performed in the standard manner

using IRAF packages. The observations from Palomar were not normalised or sky subtracted

due to observational issues. For those images that were normalised, dark frames taken with

equal integration time to the science images were used to create dark-subtracted science im-

age. Normalized flat-field images were created using a scaled,σ-clipped median combination

of neighbouring science frames. The dark-subtracted images were divided by these flat-field

images, and the frame offsets found using bright stars. Bad pixels were excluded during image

reduction, as were cosmic rays. After the initial reduction, the source flux was masked out,

and improved flat-field images created from the masked science frames. The reduction process

outlined above was then repeated to produce the final science frames (Targett et al., 2011).

3.3 X-ray Observations fromChandra

X-ray observations fromChandra existed for 20/21 of the clusters, from a combination of Lo-

CuSS proposal and archival data.A3192 was rejected from the LoCuSSCHANDRA proposal

due to an improved redshift measurement of 0.42 placing the cluster beyond the sample limits

of this study. The ROSAT All Sky Survey image of this cluster was obtained for a simple com-

parison. Reduction and analysis details for the rest of the sample can be found in Sanderson

et al. (2009) and Sanderson & Ponman (2010). Briefly, thechandra data analysed using CIAO

3.4 and CALDB 3.4.2 in order to remove flares and point sources. Variation in the high energy

background was corrected for using blank sky observations normalized to cluster events. The

Galactic foreground emission was accounted for following Sanderson et al. (2006). The cluster
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X-ray properties are summarised in Table 3.4.

3.4 Analysis of Multi Wavelength Data

3.4.1 Infra-Red Analysis

SEXTRACTOR(Bertin & Arnouts, 1996) was used to extract sources from both the J and K-band

reduced images, if they had at least 4 adjoining pixels with a 1.5σdetection. The astrometric

calibration had RMS∼ 1.3pixels, with an astrometric solution derived from 2MASS with a

precision of∼ 0.1′′ (0.33 pixels). The filter catalogues were matched based on the object World

Coordinate System (WCS) positions, with selected sources in K having an associated source in

J within a circle of radius 2′′ (7 pixels). Sources with magnitude errors in excess ofδK = 0.1

were rejected, as were sources within the low S/N edges of the field, or with a stellarity>0.8.

For each cluster, theJ,K-band matched IR catalogue was used to create a colour-magnitude

diagram. The cluster galaxy population is dominated by red elliptical galaxies, and these form

an identifiable Red Sequence on the colour-magnitude diagram. Colour limits based on the

J − K distribution were manually applied to create cluster galaxy catalogues for the parameter-

ized lens modelling and for the construction of luminosity density maps, in order to study the

spatial distribution of the cluster members and to extract position priors for the DM haloes in the

lens models. Figs. 3.4-3.24 show the colour magnitude (left) andJ − K distribution (right) for

each cluster in the sample. The filled points are those withδK < 0.1, the vertical blackline with

the mK∗ + 1 magnitude limit applied to remove faint and poorly constrained cluster members.

The catalogues were also constrained by the ACS field of view.

The Red Sequence is not flat in the IR, but has a negative slope. The flat limits obtained

by inspection above, and applied manually, do not reflect this slope, and may result in some
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Table 3.2: Infra-Red Cluster Properties and Observation Details

Cluster Filter Obs. Inst. texp ImageZp FWHM Saturation N ′′/pixel Maglim

[ksec] (Vega) [′′] [ADU] daper = 2×FWHM

A 2813
J CTIO ISPI 1.74 21.1693 1.4 550 0.3 20.35
K CTIO ISPI 1.8 21.5508 1.5 3000 0.3 19.88

A 0141
J CTIO ISPI 1.8 21.8563 1.1 550 0.3 20.56
K CTIO ISPI 1.8 21.7573 1.3 3000 0.3 20.24

A 2895
J CTIO ISPI 1.8 21.4087 1.5 550 0.3 21.06
K CTIO ISPI 1.8 21.5439 1.4 3000 0.3 19.97

RXC J0220.9-3829
J CTIO ISPI 1.02 21.873 1.0 550 0.3 21.67
K CTIO ISPI 1.56 21.799 0.9 3000 0.3 20.36

A 0368
J CTIO ISPI 0.96 21.843 1.0 550 0.3 21.67
K CTIO ISPI 1.02 21.880 0.9 3000 0.3 20.29

A 3084
J CTIO ISPI 1.02 21.882 0.9 550 0.3 21.73
K CTIO ISPI 1.08 21.842 0.8 3000 0.3 20.37

A 3088
J CTIO ISPI 1.8 21.7380 1.3 550 0.3 21.43
K CTIO ISPI 1.8 21.6677 1.3 3000 0.3 20.19

RXC J0331.1-2100
J CTIO ISPI 1.8 21.5677 1.8 550 0.3 21.64
K CTIO ISPI 1.8 21.7087 1.2 3000 0.3 20.2

A 3140
J CTIO ISPI 1.02 21.868 1.1 550 0.3 21.66
K CTIO ISPI 1.62 21.868 1.1 3000 0.3 20.31

A 3192
J CTIO ISPI 1.02 21.871 1.0 550 0.3 21.78
K CTIO ISPI 1.02 21.871 0.9 3000 0.3 20.32

A 3292
J CTIO ISPI 1.02 21.867 0.9 550 0.3 21.71
K CTIO ISPI 1.02 21.857 0.9 3000 0.3 20.09

RXC J0528.2-2942
J CTIO ISPI 1.8 21.7084 1.2 550 0.3 21.94
K CTIO ISPI 1.8 21.7620 1.0 3000 0.3 20.21
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Table 3.3: Infra-Red Cluster Properties and Observation Details

Cluster Filter Obs. Inst. texp ImageZp FWHM Saturation N ′′/pixel Maglim

[ksec] (Vega) [′′] [ADU] daper = 2×FWHM

A 3364
J CTIO ISPI 1.8 21.7018 1.3 550 0.3 20.73
K CTIO ISPI 1.08 21.899 0.8 3000 0.3 20.46

AS 0592
J CTIO ISPI 1.8 21.7482 1.2 550 0.3 21.72
K CTIO ISPI 2.28 21.7068 1.1 3000 0.3 20.21

1ES0657-558
J CTIO ISPI 1.8 21.6506 1.4 550 0.3 21.77
K CTIO ISPI 2.7 21.6513 1.2 3000 0.3 18.41

A 0611
J Palomar WIRC 0.12 27.555 1.4 1E6 0.2487 20.40
K Palomar WIRC 0.04 26.137 1.2 1E6 0.2487 19.57

A 0781
J Kitt Peak FLAMINGOS 1.5 21.527 1.8 750 0.3165 20.94
K Kitt Peak FLAMINGOS 1.56 21.825 1.5 1500 0.3165 19.99

Z 2701
J Palomar WIRC 0.12 28.083 1.6 1E6 0.2487 20.75
K Palomar WIRC 0.03 26.329 1.5 1E6 0.2487 19.97

RX J1000.5+4409
J Palomar WIRC 0.12 28.083 1.8 1E6 0.2487 20.65
K Palomar WIRC 0.04 26.688 1.8 1E6 0.2487 19.91

A 2187
J Kitt Peak FLAMINGOS 1.5 21.724 1.2 750 0.3165 21.23
K Kitt Peak FLAMINGOS 1.56 21.921 1.1 1500 0.3165 20.48

A 2537
J Palomar WIRC 0.12 28.08 1.4 1E6 0.2487 —
K Palomar WIRC 0.02 25.88 1.4 1E6 0.249 —
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Table 3.4: X-ray Cluster Properties andChandra Observation Details

Cluster αX δX TX LX δLX/LX

[kev] [1044ergs s−1]

A 2813 00:43:24.55 -20:37:26.76 6.51 (5.8-7.4) 8.80 0.156
A 0141 01:05:34.42 -24:38:04.20 6.48 (5.2-8.1) 6.66 0.157
A 2895 01:18:11.30 -26:57:59.76 8.08 (6.9-9.8) 6.43 0.140
RXC J0220.9-3829 02:20:56.53 -38:28:49.30 4.23 (3.8-5.0) 5.82 0.118
A 0368 02:37:27.66 -26:30:28.30 6.59 (5.5-8.3) 4.94 0.154
A 3084 03:04:03.00 -36:56:31.74 4.29 (3.7-5.2) 4.68 0.155
A 3088 03:07:01.92 -28:39:56.12 7.71 (6.4-9.9) 8.04 0.173
RXC J0331.1-2100 03:31:06.03 -21:00:32.18 5.68 (4.9-6.7) 5.04 0.245
A 3140 03:36:15.57 -40:37:42.10 5.32 (4.7-6.2) 4.30 0.154
A 3192 — — — 2.71 0.133
A 3292 04:49:56.55 -44:40:22.15 3.60 (3.2-4.1) 3.29 0.137
RXC J0528.2-2942 05:28:14.81 -29:43:13.69 4.21 (3.7-4.8) 2.87 0.376
A 3364 05:47:38.10 -31:52:09.08 7.65 (6.6-9.1) 4.67 0.075
AS 0592 06:38:48.40 -53:58:26.08 9.89 (8.0-13.5) 12.27 0.081
1ES0657-558 06:58:30.63 -55:56:35.84 13.24 (12.5-14.7) 26.63 0.079
A 0611 08:00:56.81 +36:03:23.69 7.94 (6.9-9.2) 8.05 0.06
A 0781 09:20:26.25 +30:29:56.26 4.70 (3.7-6.2) 10.19 0.08
Z 2701 09:52:49.26 +51:53:04.38 5.08 (4.7-5.5) 6.32 0.08
RX J1000.5+4409 10:00:31.54 +44:08:42.43 3.37 (3.0-3.8) 1.82 0.06
A 2187 16:24:14.00 +41:14:37.25 8.20 (6.9-10.0) 3.11 0.05
A 2537 23:08:22.10 -02:11:26.63 6.65 (5.8-7.6) 11.76 0.143
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Figure 3.4:A2813:Colour magnitude diagram (left) and theJ − K colour distribution (right). The filled points on
the colour magnitude diagram are those objects withδK < 0.1, the vertical line denotes themK∗ +1 limit and the fit
shown uses a biweighted linear regression. The error bars at the top of the image show the binned average error in
colour and magnitude. The errors bars turn red whenδK > 0.1 or δ(J − K) > 0.3. The colour distribution includes
all galaxies withδK < 0.1. The vertical lines on theJ − K colour distribution denote the minimum and maximum
colours used to extract the cluster galaxies.

faint, blue cluster galaxies being excluded, and red, non cluster galaxies contaminating the cat-

alogue. While such limits may be acceptable for the simple extraction and analysis performed

for this thesis, for more rigid constraints on the galaxy distribution and mass position prior, a

future improvement to the analysis would be to automate this selection. This could be done

either by applying Red Sequence constraints from models, based on the cluster redshifts, or by

fitting a Red Sequence slope to the data. For the latter point, an attempt was made to fit the Red

Sequence using a bi-weighted linear regression, however this was unsuccessful, and the fitted

relations are shown for completeness only, and did not influence the cluster galaxy selection or

analysis.
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Figure 3.5:A0141:as forA2813.

Figure 3.6:A2895
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Figure 3.7:RXCJ 0220.93829

Figure 3.8:A0368
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Figure 3.9:A3084

Figure 3.10:A3088
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Figure 3.11:RXCJ 0331.12100

Figure 3.12:A3140
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Figure 3.13:A3192:as forA2813, however the blue and red limits on theJ − K distribution denote the foreground
group and background cluster galaxy selection respectively. For theLENSTOOL models that used the cluster
galaxies, only the background, cluster (red) population was used.

Figure 3.14:A3292
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Figure 3.15:RXCJ 0528.22942

Figure 3.16:A3364
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Figure 3.17:AS0592

Figure 3.18: 1ES0657558
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Figure 3.19:A0611

Figure 3.20:A0781
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Figure 3.21:Z 2701
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Figure 3.22:RXJ 1000.5+ 4409

The constraint onδK was found to be unnecessary for the majority of the clusters, as the

magnitude limitmK∗ + 1 removed the cluster galaxies withδK > 0.1. However, for a subset

of clusters,A2813,A3088,A3192 and the Bullet Cluster, this was not the case. In order to

maintain a standardized analysis, for clusters, with the exception ofA3192, theδK limit was

increased to 0.2 to ensure that all galaxies within the colour limits and brighter than magnitude

limit were included in the cluster galaxy catalogues (Fig. 3.25). The original colour selection

limits remained the same.A3192 was not reanalysed with the new catalogue. This cluster was

found to have been misidentified at being at a redshift of 0.1681, and actually lay at 0.42, outside

the range of our sample. The confusion was found to be due to a foreground galaxy group lying

almost along the line of sight atz = 0.1681, just outside the ACS field of view. The requirement

of a multi-redshift lens plane to analyse this cluster, and the restriction withinLENSTOOL to a

single redshift lens plane would make it difficult to use the cluster and group galaxies as a prior

within the LENSTOOL modelling itself. The primary analysis ofA3192 was performed using

models that did not include subhaloes corresponding to the cluster galaxies, albeit still utilising

the luminosity map peak position prior, and is described in detail in § 6.2.

The K-band luminosity of the cluster members was found from the K-band magnitudes, and
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Figure 3.23:A2187

Figure 3.24:A2537
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Figure 3.25: Colour-magnitude diagrams and colour distributionsfor all galaxies withδK < 0.2, forA2183,A3088
and 1ES0657558. The original cluster galaxy colour selection limits still apply. The error bars on magnitude in
the lefthand plots now turn red whenδK > 0.2.
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these smoothed using a Gaussian filter on scales of 100 kpc, chosen to match the most common

optimum smoothing scale from theLENSENT2 analysis, which uses a smoothing scale to char-

acterise large scale potentials in the weak lens map (§ 4.1). Individual cluster luminosity maps

are shown in the top left hand panel of Figs. A.1-A.21, with examples in Fig. 3.26.

In order to obtain information on the cluster core structure, further luminosity maps were

reconstructed on the smaller smoothing scale of 75kpc.SEXTRACTORwas then used to extract

the prominent clump positions from these maps, along with associated total luminosities within

apertures of 150kpc. These luminosities were then used to order the clump positions, and re-

move any positions with total luminosities less thanL∗. Only the 5 brightest or fewer clumps

were used to construct the parameterised models, with the single halo model always using the

BCG position. For clump extraction, the luminosity maps forA2183,A3088 and 1ES0657558

used theδK < 0.1 cluster galaxy catalogues, with the Bullet Cluster also using wider cluster

galaxy selection limits. IR properties are given in Table 3.5, and extracted halo positions are

given, in order of brightness (with BCG associated position always given first as 0,0) in Ta-

ble 3.6.

3.4.2 X-ray Analysis

The 0.5-2.0 keV raw X-ray images fromCHANDRA were analysed by Alastair Sanderson to

produced smoothed surface brightness maps, based on the wavelet reconstruction described in

Vikhlinin et al. (1998). The algorithm removes significant features at increasing scales, produc-

ing maps at the different scales that do not include bright X-ray points sources and small scale

features. The images are then added together to create a surface brightness map. This method

reproduces areas of low surface brightness extended emission, in spite of bright embedded point

sources (Sanderson et al., 2009).

Once the smoothed X-ray images had been obtained from Alastair Sanderson, they were
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Figure 3.26: From top left, clockwise:A2183,AS0592,A3192 and the Bullet Cluster. Contours show 1,2,5×1013

and 1× 1014 solar luminosities per square Mpc. The blue and red contoursA3192 show 0.2,0.5,1,2,5× 1013

and 1×1014 solar luminosities for the foreground group and background cluster galaxy populations respectively.
These clusters were ultimately identified as multimodal in the lens modelling. Luminosity density distributions for
each cluster in the sample can be found in the respective top left panels of the comparison figures in § A.
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swarped to match the pixel scale and grid size of theLENSENT2 κ images, and plotted with

contours in logarithmic steps. Individual cluster maps are shown in the top right hand panel of

Figs. A.1-A.21, with examples in Fig. 3.27.

We obtained projected masses atRaper = 250kpc, which were calculated with the best fit

Hernquist parameters from A. Sanderson’s analysis of the smoothed X-ray images, using Eq. 3.1 (Hern-

quist, 1990).

Mp(< Raper) = Mhs2 (Xs−1)
(1−s2)

(3.1)

Mh is the total Hernquist mass,s = Raper

a , werea is the scale radius, andXs is given by Eq. 3.2.

s <= 1 Xs = sech−1(
√

1−s2)
(
√

1−s2)

s > 1 Xs = sec−1(
√

s2−1)
(
√

s2−1)

(3.2)

Theerror on the projected mass was found by similarly computing masses for 100 MC fits of

the Hernquist Mass and scale radius, then finding the standard deviation of the distribution.

The slope, Hernquist masses and projected masses from the X-ray analysis are summarised in

Table 3.7.

3.5 Construction of faint galaxy catalogues

The HST:ACS reduced frames were analysed withSEXTRACTOR(Bertin & Arnouts, 1996). A

source was extracted if there were at least 5 (0.0045arcsec2) adjoining pixels, each with a 1.5σ

detection over the background isophoteµ606 = 23.0 mag/arcsec2. The selection used a three

pixel Gaussian smoothing filter, approximating the ACS 1.0− 1.2 arcsecond seeing, with the

major SEXRACTORparameters listed below. 72114 sources were initially selected from all 21

clusters. Fig. 3.28 shows the number density of all sources from all catalogues as a function of

magnitude. The sample is reasonably complete aroundV606∼ 26− 27. Sources close to diffrac-

tion spikes of stars or with magnitudes within 2σof local background were removed from

the catalogues before faint galaxy selection. The majority of sources near diffraction spikes
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Figure 3.27: From top left, clockwise:A2183,AS0592,RX J1000 and the Bullet Cluster. Contours show X-ray
flux in logarithmic steps. These clusters were ultimately identified as multimodal in the lens modelling. The X-
ray surface brightness maps for each cluster in the sample can be found in the respective top right panels of the
comparison figures in § A.
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Table 3.5: Near Infra-Red Cluster Properties

Cluster Lk(R < 250kpc) δLK J − K Ncgal

[L⊙] [L⊙] Mag

A 2813 4.036×1012 4.072×1011 1.2-1.7 52
A 0141 2.820×1012 2.839×1011 1.3-1.6 24
A 2895 3.870×1012 3.893×1011 0.9-1.5 36
RXCJ 0220.9-3829 1.183×1012 1.200×1011 1.1-1.5 12
A 0368 2.463×1012 2.480×1011 1.0-1.6 45
A 3084 3.939×1012 3.956×1011 1.1-1.6 44
A 3088 2.596×1012 2.620×1011 1.3-1.6 33
RXCJ 0331.1-2100 2.302×1012 2.316×1011 1.2-1.4 7
A 3140 2.140×1012 2.151×1011 1.0-1.4 23
A 3192 4.177×1012 4.239×1011 1.0-1.4,1.4-1.8 30,27
A 3292 1.476×1012 1.484×1011 1.0-1.3 10
RXCJ 0528.2-2942 1.293×1012 1.303×1011 1.0-1.3 14
A 3364 2.218×1012 2.226×1011 0.9-1.3 25
AS 0592 4.013×1012 4.032×1011 1.1-1.7 44
1ES0657-558 4.197×1012 4.230×1011 1.4-1.7 72
A 0611 2.313×1012 2.320×1011 1.2-1.7 49
A 0781 2.352×1012 2.381×1011 1.1-1.6 47
Z 2701 1.507×1012 1.509×1011 1.0-1.7 15
RXJ 1000.5+4409 5.832×1011 5.840×1010 0.9-1.4 11
A 2187 2.674×1012 2.685×1011 1.2-1.5 17
A 2537 3.315×1012 3.320×1011 1.2-1.6 36
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Table 3.6: Halo positions from K-band luminosity maps.

Cluster (∆α,∆δ)0
1 (∆α,∆δ)1 (∆α,∆δ)2 (∆α,∆δ)3 (∆α,∆δ)4

[′′] [′′] [ ′′] [ ′′] [ ′′]

A 2813 0.0,0.0 5.3,-40.8 47.5,41.8 -93.7,59.9 -29.0,-24.8
A 0141 0.0,0.0 59.6,-9.8 -79.3,-26.4 -33.6,24.9 -14.0,-54.4
A 2895 0.0,0.0 41.9,10.3 60.3,-13.4 -49.0,18.3 -86.6,-63.9
RXCJ 0220.9-3829 0.0,0.0 -29.6,29.6 88.8,-35.5 -4.0,61.1
A 0368 0.0,0.0 -57.6,-25.8 21.9,32.1 58.8,30.2 -46.4,73.5
A 3084 0.0,0.0 -26.7,-17.8 -98.0,-20.1 -71.6,-87.9 39.3,-37.0
A 3088 0.0,0.0 -103.1,6.8 -65.9,37.3 32.7,9.6 38.7,-19.1
RXCJ 0331.1-2100 0.0,0.0 -44.8,-44.2
A 3140 0.0,0.0 -54.5,38.4 -88.9,75.2 36.4,24.1 60.6,-20.0
A 3192 0.0,0.0 80.3,100.8 23.5,-34.4 106.6,5.6 136.0,-121.2
A 3292 0.0,0.0 -75.8,69.7
RXCJ 0528.2-2942 0.0,0.0 35.1,-101.6 -81.0,31.8 -11.1,52.2
A 3364 0.0,0.0 -16.7,47.8 15.9,-43.8 -28.1,91.2 24.2,116.4
AS 0592 0.0,0.0 -28.7,-2.0 -113.6,38.4 17.0,-56.6 -87.5,66.9
1ES0657-558 0.0,0.0 -18.4,-26.8 161.2,23.6 -62.3,-97.2 19.0,28.5
A 0611 0.0,0.0 -123.7,63.1 -131.8,-66.5 36.5,-4.2 -44.7,12.8
A 0781 0.0,0.0 -95.0,7.0 -47.6,12.4 -147.7,13.2 -84.2,120.1
Z 2701 0.0,0.0 -112.5,-41.4 17.1,74.6 -45.6,36.2 14.9,-52.2
RXJ 1000.5+4409 0.0,0.0 -109.3,-13.9 62.8,30.2
A 2187 0.0,0.0 62.6,-80.4 -46.1,-84.7 -78.6,38.5 22.0,-82.8
A 2537 0.0,0.0 -38.7,-33.4 -22.9,0.5 -48.2,-115.7 39.7,20.4
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Table 3.7:CHANDRA analysis: X-ray Properties and Masses

Cluster α δα Mh a Mp(< 250kpc) δMp

[M⊙] [kpc] [M⊙] [M⊙]

A 2813 -0.342 0.0696 1.465E×1015 782.37 1.512×1014 2.141×1013

A 0141 -0.236 0.0520 9.352×1015 3325.96 1.216×1014 2.730×1013

A 2895 -0.484 0.1292 1.546×1015 876.49 1.383×1014 1.315×1013

RXCJ 0220.9-3829 -0.951 0.0384 9.038×1014 680.18 1.106×1014 8.748×1012

A 0368 -0.920 0.0477 1.107×1015 648.43 1.433×1014 2.940×1013

A 3084 -0.363 0.0457 1.173×1015 726.54 1.326×1014 1.113×1013

A 3088 -0.882 0.0342 1.477×1015 756.38 1.589×1014 2.221×1013

RXCJ 0331.1-2100 -1.202 0.0599 2.257×1015 975.22 1.759×1014 2.352×1013

A 3140 -0.444 0.1136 3.128×1015 1261.90 1.723×1014 2.482×1013

A 3192 — — — — — —
A 3292 -0.285 0.0338 1.043×1015 827.71 1.003×1014 1.312×1013

RXCJ 0528.2-2942 -0.273 0.0759 2.518×1015 1647.70 9.512×1013 1.487×1013

A 3364 -0.319 0.030 2.385×1015 1109.60 1.566×1014 1.155×1013

AS 0592 -0.856 0.0403 2.236×1015 917.74 1.886×1014 1.467×1013

1ES0657-558 -0.256 0.0199 2.549×1015 807.81 2.528×1014 1.491×1013

A 0611 -0.701 0.0427 2.957×1015 1059.99 2.064×1014 1.865×1013

A 0781 -0.113 0.0251 2.414×1015 1701.15 8.706×1013 7.836×1012

Z 2701 -0.881 0.1216 3.329×1015 1455.72 1.502×1014 4.114×1013

RXJ 1000.5+4409 -0.946 0.0905 8.727×1014 866.33 7.924×1013 1.002×1013

A 2187 -0.459 0.0945 9.553×1014 666.63 1.197×1014 1.054×1013

A 2537 -0.499 0.0599 9.444×1014 517.30 1.580×1014 1.240×1013
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Figure 3.28: Number density of sources versus V606. The dashed line shows the minimum magnitude allowed for
faint galaxy selection at V606 = 22.

were removed automatically within the analysis pipeline, with a few clusters requiring manual

removal of missed diffraction spikes after this. Initial background galaxy catalogues were con-

structed based on a simple magnitude cut ofV606 > 22, to minimise contamination by cluster

members, represented by the bulge in the plot between magnitudes ofV606 ∼ 16− 21. Finally,

detections were removed from the catalogues if they were within∼ 5′′ of the edge of the field of

view, or within 5′′ of the central gap in those drizzled observations from Proposal 9270. After

these initial cleaning procedures were carried out, 35447 faint galaxies in total were selected,

1200− 2000 per cluster (5400 for 1ES0657-558). At this point the selection only depended on

the source being fainter then the faint galaxy limit.

3.5.1 Correcting for the PSF

Because the distortion caused by weak lensing on background galaxy images is so small, the

blurring of source shapes caused by the PSF can seriously impact the reconstruction of the shear

field. IM 2SHAPEwas used to correct for the PSF and obtain corrected galaxy ellipticity and size

measurements. By calculating the residuals of the star ellipticities from aδ-function, it is possi-

ble to construct a PSF map, which can then be used withIM 2SHAPE to produce PSF corrected
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faint galaxy shape information catalogues.

Our PSF correction was performed by usingIM 2SHAPEto fit a double Gaussian to the stars.

The stellar shapes were then compared to aδ-function, and the residuals were smoothed to form

a map of the PSF. The smoothing scale was dependent on the number of stars and the width of

the field of view. After the initial PSF map construction, the map was used to correct the stellar

ellipticities without refitting them. As mentioned in § 2.6.4, the ACS PSF is time dependent,

which means it is not possible to stack stars from multiple observations in order to fully sample

the PSF over the full field of view, unless those observations are taken within a short time pe-

riod. As our ACS observations were taken as part of a SNAPSHOT program, and fitted in when

there was time and the telescope was facing the correct direction, our clusters were not taken

within the same short time period, but observed over a period of several months. As a result,

for the majority of the clusters, only the stars detected in that observation was used to construct

the PSF map. For those clusters with very few stars, or a poorly sampled field of view, the cor-

rection combined with stars from one other cluster was also investigated. Where the correction

was improved the final PSF map was made with the augmented star catalogue.IM 2SHAPEcould

then use this map when fitting the a single Gaussian to the shapes of the galaxies, to obtain PSF

corrected shear measurements accurate enough to constrain the DM distribution.

Star selection and fitting

TheSEXTRACTORcatalogues include information on the stellarity of a source, or how likely it

is to be a star. The star selection was performed for each cluster individually, by initially select-

ing those sources withSEXTRACTORstellarity> 0.95, signal to noise> 25 and peak flux less

than the saturation limit of 84700. These sources where then binned depending on their FWHM

value fromSEXTRACTOR. The FWHM ranged between 0′′ −10′′ and this range was divided into

bins of width 0.1′′. Once the bin with the highest number count, N, had been identified, the

FWHM star selection limits were found by iterating up each side of this bin and finding the bin
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where the number count was closest to1
2N. Thesevalues were then scaled by the local slope of

the histogram, and by how far the number count of the closest bin was to1
2N. The SEXTRAC-

TOR stellarity cut was dropped, and all sources with FWHM within the range found using this

method were selected as stars. Fig. 3.29 displays the graph set for one of the Bullet Cluster tiles,

in this case resulting in 96 stars being extracted using this algorithm. The red points represent

the stars finally selected from the catalogue, and the lines represent the FWHM limits found for

this tile. 714 unique sources were selected as stars in this manner.

Each star selected was modelled as a sum of two Gaussians with the following free param-

eters:{x,y,ǫ,θ,ab1,ab2,A1,A2} i.e. the two Gaussians describing each star were forced to have

the same position, ellipticity and orientation, their amplitudes and sizes allowed to be different.

This allowed us identify point and extended sources. 2000 samples were used. The catalogue

of stars was then subjected to further selection criteria based on theIM 2SHAPE results- stars

satisfying the following criteria were retained: stellar ellipticityǫ < 0.2, δǫ1,2 < 0.025, fitted

Gaussian centres within 2 pixels of theSEXTRACTORoriginal positions, andabi > 0.3 square

pixels. This final selection removed any possible galaxy or cosmic ray contamination.

In total 612 survived theses cuts: 9-90 stars per cluster. Fig. 3.30 summarizes the cluster-to-

cluster variation in PSF (e in the plot is equivalent toǫ in the text). A PSF map was constructed

for each cluster on a regular grid of 25×25 points. At each point the average stellar ellipticity

and orientation was calculated as the Gaussian weighted mean at that position. The width of the

Gaussian used for each cluster was determined by the number of stars from which the respective

map was constructed, ranging from 71.6′′ − 22.7′′ for maps based on 9 to 96 stars respectively

(Fig. 3.31).

As an initial check of the reliability of the PSF maps, they were used to correct the shapes of

the stars. For a small subsample of clusters with few stars or a badly sampled PSF, this correc-

tion was improved by finding a cluster with a similar map and combining the stellar catalogues
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Figure 3.29: Plots showing the selection criteria for stars from theSEXTRACTORcatalogues. The FWHM criteria
were calculated individually for each cluster, using the method described in the text. The selected stars are shown
in red.
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Figure 3.30: Averaged residual ellipticity components of allstars for each cluster, before (left) and after (right)
PSF correction.

Figure 3.31: The smoothed PSF map for RXCJ0043.3, created using26 stars and a Gaussian smoothing scale of
42.15′′.
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from each cluster together two maps together, before creating a joint PSF map. Fig. 3.30 shows

the average stellar ellipticities before (left) and after (right) correction. After correction, 17 out

of 22 cluster images had both average stellar ellipticity components consistent with zero within

one sigma errors.

Faint galaxy shape measurement

The shape of each faint galaxy was measured withIM 2SHAPE, once with PSF correction (using

the stellar PSF maps) and once without PSF correction. The former was used to obtain galaxy

shape measurements, and the latter to obtain galaxy size measurements before PSF correction.

In both cases each faint galaxy was modelled as a single Gaussian with the following free pa-

rameters:{x,y,ǫ,θ,ab,A}. Previous fits attempted to model the galaxies as a superposition of

two Gaussians, one modelling the bulge and the other the disk of the galaxies, but the data were

not deep enough to support this level of complexity. Two hundred samples were used to obtain

convergence, and in order to check this theIM 2SHAPEfitting was repeated. As Figs. 3.32 show,

the results lie along a 1-1 relation for all shape characteristics, with divergence only for those

very small or extreme sources for which the fit is poor. This follows the reasoning in the STEP

program mentioned in § 2.6.4, which mentioned that the ideal number of samples should be

checked against the convergence of the fits.

The PSF corrected faint galaxy catalogues and the non PSF corrected faint galaxy catalogues

were compared and analysed in order to obtain further systematic cuts of the faint galaxy pop-

ulation. Fig. 3.33 shows a stacked analysis of all sources in the source catalogues.

Based on theIM 2SHAPE fits more stringent selection criteria were imposed on the faint

galaxy catalogues. The limit on the error in each ellipticity component,δǫi < 0.15, was chosen

due to the dependence of the shear analysis on accurate ellipticities. The minimum uncorrected
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Figure 3.32: A comparison of the fitted quantities for each objectin two independentIM 2SHAPE runs forA2813,
the x axis denoting one run, and the y axis denoting the second run. The relation is approximately 1− 1 for most
objects, with noisier results where the values are extreme.
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Figure 3.33: Catalogue statistics for all faint objects in allcatalogues. The red markers indicate those sources that
were rejected. This analysis also shows sources that would be later cut due to their proximity to the low signal to
noise areas at the edge of the field of view.
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Table 3.8: Catalogue Properties

Cluster Ntot Ngalinitial Ngal f inal Ngal/arcmin2

A 2813 3317 1636 488 43
A 141 3212 1583 463 41
A 2895 3695 1487 382 34
RXCJ 0220.9-3829 3477 1716 475 42
A 368 3089 1352 344 31
A 3084 3714 1622 427 38
A 3088 3039 1357 386 34
RXCJ 0331.1-2100 3385 1571 408 36
A 3140 3461 1428 324 29
A 3192 3451 1474 473 42
A 3292 3738 1615 365 32
RXCJ 0528.2-2942 3023 1288 305 27
A 3364 3533 1419 316 28
AS 0592 3278 1230 323 29
1ES0657-558 5941 5401 728 38
A 611 2775 1448 447 40
A 781 3397 1437 463 41
Z 2701 2761 1679 541 48
RXJ 1000.5+4409 3818 1876 414 37
A 2187 3401 1461 361 32
A 2537 2609 1367 452 40

area of each fitted Gaussian was required to be twice that of the resolutionelement, the uncor-

rected catalogues providing an unbiased estimate of the detection area with respect to the PSF

of the camera, the limit given in Eq. 3.3.

a∗b > 2×4
(1+ ǫ)
(1− ǫ)

(3.3)

Additional cuts based onIM 2SHAPE systematics were also applied toǫ1,ǫ2. This resulted in

approximately 30− 40 galaxies per square arcminute, and 8885 faint galaxies selected in total.

Finally these catalogues were rotated to align thex− andy− axes to the WCS. More details on

both the faint galaxy selection and PSF correction are listed in Tables. 3.8, 3.9.
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Table 3.9: PSF Correction and Star Catalogue Parameters

Cluster Nstar Ngoodstar Uncorrected Stellar̄ǫ Corrected Stellar̄ǫ

ǭ1 ǭ2 ǭ1 ǭ2

A 2813 28 26 −0.0159±0.0088 −0.0243±0.0099 −0.0016±0.0079 0.0079±0.0106
A 0141 16 13 0.0142±0.0125 −0.0199±0.0107 −0.0019±0.0143 −0.0027±0.0107
A 2895 23 15 −0.0057±0.0148 −0.0324±0.0109 0.0016±0.0175 −0.0057±0.0101
RXCJ 0220.9-3829 12 9 0.0423±0.0111 0.0170±0.0124 −0.0008±0.0095 −0.0035±0.0123
A 0368 22 10 −0.0092±0.0147 −0.0272±0.0092 −0.0024±0.0178 0.0000±0.0138
A 3084 29 19 −0.0272±0.0169 −0.0204±0.0079 −0.0149±0.0169 −0.0031±0.0104
A 3088 25 21 −0.0201±0.0074 −0075±0.0081 0.0066±0.0097 0.0020±0.0085
RXCJ 0331.1-2100 21 18 −0.0229±0.0073 −0.0253±0.0051 0.0012±0.0089 −0.0051±0.0076
A 3140 20 14 −0.0371±0.0097 −0.00440±0.00508 −0.0004±0.0086 0.0027±0.0031
A 3192 21 17 0.0162±0.0076 0.0016±0.0123 −0.0064±0.0087 −0.0051±0.0088
A 3292 37 30 −0.0094±0.0084 −0.0072±0.0069 −0.0054±0.0094 0.0152±0.0071
RXCJ 0528.2-2942 28 24 −0.0037±0.0087 −0.0324±0.0065 0.0012±0.0096 −0.0008±0.0074
A 3364 46 41 −0.0015±0.0073 −0.0228±0.0050 0.0002±0.0070 0.0013±0.0049
AS 0592 63 60 −0.0226±0.0048 −0.0186±0.0034 −0.0035±0.0042 0.0045±0.0030
1ES0657-558 181 169 −0.0083±0.0032 −0.0218±0.0024 0.0004±0.0034 0.0004±0.0021
A 611 28 28 −0.0280±0.0055 −0.0142±0.0048 −0.0009±0.0056 0.0004±0.0047
A 781 26 21 0.0109±0.0121 −0.0159±0.0043 0.0070±0.0085 0.0021±0.0045
Z 2701 9 9 0.0006±0.0081 −0.0214±0.0132 −0.0181±0.0078 0.0049±0.0154
RXJ 1000.5+4409 29 21 0.0060±0.0114 −0.0122±0.0063 0.0001±0.0124 −0.0040±0.0095
A 2187 38 35 0.0111±0.0055 −0.0043±0.0040 0.0116±0.0059 0.0034±0.0065
A 2537 12 12 −0.0132±0.0070 −0.0206±0.0090 0.0014±0.0068 0.0007±0.0103
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Figure 3.34: A lens galaxy sheared by a potential at 0,0.a andb denotethe semi major and minor axes respectively,
φ the angle ofa with respect to the centre of the potential.

3.6 Tangential Shear Analysis

The distortion caused by the potential on a galaxy image can be described by two properties: the

tangential and cross components of the shear (Eq. 3.4, Fig. 3.34) with respect to the centre of

that potential. The strength of the shear signal at any point is measured by the tangential shear.

In the presence of a strong shearing effect the cross component should be consistant with zero.

An average of the shear signal over the whole field can give an indication of how massive a

cluster is. Substructure in the DM distribution can dilute the shear signal or boost it, depending

on the location and size of the substructure, as can the inclusion of faint cluster members in the

background galaxy catalogue. The latter effect our results are particular sensitive to as the single

filter data is not enough to guarantee exclusion of all cluster members from the faint catalogues:

multi colour data is needed to construct a Red Sequence and target the cluster members for

removal.

γτ = −τ ∗ cos(2φ)

γX = τ ∗ sin(2φ)

τ =
(1−(b

a )2)

2(b
a )

(3.4)

Theerror weighted average of all shear measurements within annuli of 60′′ −150′′ (approximat-

ing an ACS field width given a centred BCG) are given in Table 3.10, which also gives the
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significance of the tangential signal and by how manyσ is the cross component consistant with

zero. The ACS pointings were centred on the cluster BCG, thus the brightest and largest galaxy

near this position was identified as the BCG and centre of the cluster core. This selection was

accurate for all clusters except A 0781, in which observation was believed mispointed and the

wrong galaxy identified as the BCG, and A 0141, wherein it is believed the wrong galaxy was

identified as the BCG in construction of the LoCuSS cluster catalogue. Fig. 3.35 shows the

average cross component versus the tangential component of each cluster for the arcsecond an-

nulus. This annulus was used as it gives a measure of how well the shear signal is determined

within the image rather than a mass tracer comparable between clusters. Some of the clusters

had surprisingly lowγτ signal to noise. At least two of these were mispointed:A0141 and

A0781. The image aperture meant the shear of the subclump in the Bullet Cluster interfered

with the signal of the BCG centered distribution, causing a low signal to noise for this cluster.

The low significances can be due to low mass causing poor constraints, a similar effect caused

by poor image quality or substructure on a scale such that the shear field is not sufficiently sam-

pled within the field of view, resulting in the signal being biased low.

This analysis assumes a spherically symmetric cluster centred on the BCG position. How-

ever, as will be established in later chapters, some of this clusters are multi modal, while others

have mass distributions with centres offset from the BCG. Deviations from these assumptions

causes and increase in the cross shears, and reduces the significance of the tangential shear sig-

nal. Thus a low shear signal with high cross component could represent not only a low mass

cluster with poor constraints, but also a high mass cluster with significant substructure within

the shear aperture. Indepth discussion of each cluster result individually in the context of the

lens modelling and comparison with multiwavelength data can be found in § 5.1.
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Table 3.10: Tangential and Radial shears.

Cluster γτ δγτ S/N(γtau) γX δγX Nσ(γXcw0)

A 2813 0.1717 0.0269 6.3915 0.0377 0.0179 3
A 0141 0.0358 0.0230 1.5574 0.0042 0.0196 1
A 2895 0.1107 0.0186 5.9415 0.0613 0.0218 3
RXC J0220.9-3829 0.0767 0.0241 3.1894 0.0481 0.0228 3
A 0368 0.1160 0.0344 3.3734 -0.0320 0.0233 2
A 3084 0.0846 0.0229 3.6977 0.0433 0.0197 3
A 3088 0.1101 0.0265 4.1498 -0.0027 0.0166 1
RXC J0331.1-2100 0.0632 0.0267 2.3686 -0.0546 0.0213 3
A 3140 0.1089 0.0282 3.8629 0.0004 0.0188 1
A 3192 0.1121 0.0208 5.3994 0.0070 0.0176 1
A 3292 0.0862 0.0332 2.5969 -0.0026 0.0259 1
RXC J0528.2-2942 0.1517 0.0246 6.1621 0.0429 0.0258 2
A 3364 0.0941 0.0262 3.5908 0.0168 0.0235 1
AS 0592 0.1257 0.0222 5.6609 -0.0310 0.0163 2
1ES0657-558 0.0454 0.0190 2.3882 -0.0067 0.0135 1
A 0611 0.0869 0.0260 3.3359 0.0147 0.0185 1
A 0781 0.0839 0.0344 2.4382 -0.0520 0.0203 3
Z 2701 0.0235 0.0202 1.1657 0.0035 0.0180 1
RX J1000.5+4409 0.1017 0.0286 3.5541 0.0748 0.0269 3
A 2187 -0.0017 0.0288 -0.0603 0.0090 0.0175 1
A 2537 0.1224 0.0292 4.1958 -0.0100 0.0227 1
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Figure 3.35: Average tangential shear versus cross componentof the shear.

3.6.1 Charge Transfer Efficiency

Since the reduction of the ACS SNAPSHOTS and shape measurement of the faint galaxies was

performed, Rhodes et al. (2007) (hereafter R07) has published a discussion of the degredation

of the Charge Transfer Efficiency (CTE) of the ACS. The charge from each pixel of the CCDS

is read out vertically when the data from an observation is stored. The CTE describes how ef-

ficiently the charge is transferred from pixel to pixel as it travels towards the read out position.

This efficiency has degraded over time, resulting in a charge bleeding effect along the y-axis

of the ACS that results in a increase in ellipticity along the y direction, which is most severe

towards the centre of the ACS field of view. It impacts faint objects most severely, as the effect

is scale independent, and is not removed by PSF correction.

To assess the impact of CTE on our data, the top panel Fig. 3.36 shows the variation of

the averagee1 ellipticity component of the faint galaxies against position along the y-axis for

A 2813. This component will be reduced if there is shear in the y direction, either from the CTE

effect or from the lens field of a cluster. The magnitude of the induced shear by the CTE effect
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on faint galaxies in the all the frames in the COSMOS survey, as found by R07, is given in the

bottom panel of this plot, which comes from the top panel of Fig. 14 from R07. Both plots show

the PSF corrected elliticity. The R07 analysis was performed using observations through filter

F814W, however the effects apply to other filters. At its most extreme, the CTE effect induces

a shear of∼ 0.04 in the faint galaxies. However, the magnitude of the error on the mean shear

of the middle bin, induced by our clusters centred in the middle of the ACS field of view, is

0.08 on average over all clusters. This implies that the variance of the shears in the middle of

the range is greater than the magnitude of the CTE effect. Neither this mean shear nor this error

on the mean include information about the individual faint galaxy errors, which would act to

increase the error on the mean. The average error on this ellipticity component ranges from

0.055− 0.068 for all faint sources in each catalogue. A improved analysis would correct for the

CTE, possibly based on the formalisms described in R07, however for this data we conclude the

CTE is within the error budget on the shear, and would be difficult to model and remove due to

the large measurement error on the shear.
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Figure 3.36: Top: average PSF correctede1 distribution as a function of position iny for faint galaxies from the
observations of A 2813. Error bars denote the error on the mean shear in each bin. The induced shear in this panel
is a combination of the shear signal of the cluster and the CTE effect. Bottom: the top panel of Fig. 14 from
R07, showing the PSF correctede1 distribution as a function of position iny, from all observation frames in the
COSMOS survey. The induced shear in this panel is due to the CTE effect only.



Chapter 4

Weak Lens Mass

Reconstructionof Cluster

Cores

This chapter will cover the parameterized and non-parameterized weak lens analysis of the faint

galaxy catalogues obtained in § 3.5. I will start by describing the creation of non-parameterized

surface mass density (κ) maps, generated usingLENSENT2, and use of these maps to obtain

constraints on the mass peak offset from the BCG position. I will describe the parameterized

multi halo model fits to unsmoothed and smoothed faint galaxy catalogues usingLENSTOOL,

the use of IR priors to help constrain the substructure distribution, and discuss the attempts

to model and constrain the impact of uncorrected cluster contamination on the ficidual weak

masses.

4.1 Non-parameterized mass reconstruction withLENSENT2

LENSENT2 (Bridle et al., 1998; Marshall et al., 2002)1 was used for the non-parameterized mass

reconstruction of the clusters in our sample (§ 2.6.2). Weak lensing analysis usually requires

that the shear of several spatially close background galaxies is binned in order to obtain a strong

enough signal for model fitting or direct reconstruction.LENSENT2 treats each galaxy shape

measurement as a single bin, thus making this method is particularly suited to the single fil-

ter, shallow ACS data, with which we cannot afford to lose any resolution via binning. The

1LENSENT2 is available from http://www.slac.stanford.edu/ pjm/lensent/
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smoothing that would have been applied before hand via shape measurement binning is applied

after the reconstruction, characterising the large scale potential of the cluster. The width of this

smoothing step can be chosen based on a robust, statistical analysis of theLENSENT2 model

properties, rather than arbitrarily choosing a scale if binning the galaxy shear measurements.

This allows the data to drive the Bayesian inference of the internal structure of the cluster cores.

As lensing is a non local effect, structures outside the faint galaxy observation field of view will

impact the shear signal, and thus the mass reconstruction, within the field of view.LENSENT2

accounts for this by buffering the field of view by a factor of 1.5− 2, allowing the opportunity

for the reconstruction of mass structure beyond the observed area in some clusters.LENSENT2

is also computationally cheap, which made it ideal for obtaining convergence maps using mul-

tiple smoothing scales and resolutions on which to perform our initial analysis.

4.1.1 Maps of the Projected Surface Mass Density

LENSENT2 characterises the large scale potential of the cluster using an Intrinsic Correlation

Function (ICF), of Gaussian form, replacing the more common binning of faint galaxy shears

before reconstruction. As a result the smoothing that would normally occur through the binning

of the faint galaxy shear information is transferred to the reconstruction itself. In this analy-

sis we primarily optimised a physical kpc scale which allowed us to ensure that the minimum

spatial scale of reconstructed substructures in the convergence maps was consistent between

clusters. While angular smoothing scales are more sensitive to the number density of faint

galaxies, as our primary interest is the distribution of substructure within the clusters, the phys-

ical smoothing scale allowing us to investigate and compare group scale substructures at all

the redshifts in our sample. Also investigated was the impact of changing the reconstruction

pixel grid size. For completeness, angular smoothing scales were also investigated, and the

most favoured result over the whole sample, 30′′ is consistent with the physical smoothing scale

ultimately chosen (100kpc) over the whole sample redshift range (100kpc∼ (38′′ − 23′′) for

0.15< z < 0.3).
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Pr(κ|d0) =
Pr(d0|κ)Pr(κ)

Pr(d0)
(4.1)

Eq.4.1 gives Bayes Theorem as applied inLENSENT2. The terms are the likelihood of the shear

field given the data,Pr(κ|d0), the likelihood of the data given the shear field,Pr(d0|κ), the prior

informationon the shear field,Pr(κ)), and the Bayesian evidence (bottom term).. The Bayesian

evidence produced byLENSENT2 can be used to differentiate between different ICF widths.

However the profile of the evidence distribution with respect to ICF width for each cluster was

not a simple peak. Most clusters had a double peaked evidence distribution, and past a certain

width the evidence remained high. The double peak phenomenon was interpreted to be due to

the complex structure in the underlying DM distribution. At the position of the first, lower peak

in evidence, the ICF width characterises the size of the substructures in the Dark Matter mass

distribution. At the second, higher peak in evidence, the larger ICF width has smoothed out any

substructures in the map, producing a simpler map that is assigned a better fit, and higher evi-

dence value. After this point the evidence of the fit for a given ICF width rises as the smoothing

becomes more extreme and the model even simpler. The ICF width associated with the first

peak in the evidence distribution, believed to reflect the scale of substructures in the underlying

mass distribution, was initially selected. The lowest width within the error on the evidence was

then found, to maximise substructure resolution.

The size of the reconstructed substructures depends on how well the shear field is sampled,

and how large their lensing contribution is. There will be a substructure size limit below which

the shear contribution will be too small, the faint galaxy sampling too sparse and the measure-

ment error too large to reconstruct that substructure. The higher redshift clusters in our sample

are likely to include larger mass clusters due to an X-ray luminosity selection effect: low mass

clusters have low X-ray luminosities and are more difficult to detect at higher redshifts. Addi-

tionally Nsub may be expected to increase with total cluster mass, larger clusters having had a

greater number of infall events. So the increasing DM distribution complexity and lower reso-

lution may result in poorer substructure reconstruction of the more distant clusters. This is an
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issue which may effect all our analysis, as it depends on how well the shear field is sampled

with faint galaxy measurements.

A small physical smoothing scale that produces sensible lower limits on substructure sizes

in low redshift maps will allow small, noise dominated substructure detections in the high red-

shift maps. On the other hand, a physical smoothing scale that is large enough to not be effected

by noisy detections in the high redshift maps could be too large for the field of view of the lower

redshift maps, and the substructure in the DM distribution would be smoothed out. If the ICF

width was at a set arcsecond scale for all clusters, this would allow smaller substructures to

be reconstructed in the lower redshift clusters than the higher redshift clusters. This may help

with the more distant clusters, as smaller substructures would be smoothed out and only the

reliable detections of more massive substructures remain. But this method correlates the lower

limit on the size of the reconstructed substructures with redshift, and could result in details in

the high redshift maps being smoothed out. In order to systematically quantify cluster mass

and substructure and compare the DM distribution complexity between clusters, the physical

restrictions must be the same, so applying a physical smoothing scale, and therefore a consis-

tent lower limit on the physical size of the reconstructed substructures, would ensure we are

detecting the same range of objects.

The analysis performed on the evidence should produce ICF widths that are large enough to

optimise the fit with respect to the difficulties of the high mass clusters, yet small enough so that

the detail in the lower redshift cluster maps is not smoothed out. For each cluster the reconstruc-

tions were based on 64x64,128x128 or 256x256 pixel grids, centred on the BCG position, with

physical ICF widths of 50,75,100,125,150kpc and arcsecond ICF widths of 15,30,45,60,75′′.

The scaling nature of the physical ICF width means that at the lower end of our redshift scale

(z = 0.15) physical apertures above∼ 175kpc will correspond to (>70′′), over a third of the

width of the field of view, and thus smoothing out most of the structure. The ideal ICF width
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Figure 4.1: The left panel on each row displays the evidence distribution for ICF widths in arcseconds, the right
panel the same in kpcs. From top to bottom: 64x64, 128x128 and 256x256 pixel reconstruction grids.
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was chosen for each grid resolution and ICF width type for each cluster, following the formal-

ism above. The distribution of widths over all clusters in each model is given in Fig. 4.1. Based

on these results, the ICF width was set to 100kpc for all clusters. A smoothing scale of 100kpc

translates to∼ 25′′ atz = 0.3, approximately one tenth of the field width, whereas the same scale

is equivalent to∼ 40′′ at z = 0.15. The grid size was chosen to be 256x256 pixels, to ease visual

comparison with the luminosity and X-ray distribution maps. A comparison of results from

different grid sizes at different ends of the redshift scale, using ICF width of 100kpc, are given

in Fig. 4.2.

The reconstructions extend the field by a factor of∼ 1.5 to reflect that lensing is a non local

effect, and the signal within the field will be influenced by the mass distribution outside it. By

comparison with luminosity and X-ray distributions, this could allow investigation into what

information can be derived about the mass distribution outside the ACS field of view. The final

LENSENT2 mass maps are given in the bottom right panels of Figs. A.1-A.21, and all are shown

in Fig. 4.3.

Noise

LENSENT2 produces a map of the noise and finds a signal to noise map by dividing the maxi-

mum entropy realisation by the error map. Examples of theκ, noise and signal to noise maps

for two clusters are given in Fig. 4.4. Ideally, creating the signal to noise map in this manner

should apply errors to both theκ signal and the spatial morphology of structures in theκ map.

Any anomalous features in theκ map that are associated with high error in the error map will

be given less significance than true features with low associated error. However, any anomalous

features in the error map can create false areas of high significance in the signal to noise map.

When the signal to noise maps for all clusters were studied, a strong noise signal was de-

tected that was common to all noise maps generated byLENSENT2. The underlying pattern in
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Figure 4.2: Right: A 3292, atz = 0.1501; Left: A 2813, atz = 0.2924. From top to bottom: 64x64, 128x128 and
256x256 pixel maximum entropy pixel reconstruction grids using an ICF width of 100kpc. The black box shows
the ACS field of view, and the black circle denotes the BCG position. In both images, North is up and East is left.
The colour bar at the bottom shows theκ scale in for each cluster.
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Figure 4.3: Maximum entropyκ mapsfor all 21 clusters, from left to right, top to bottom: A 2187, A 2537,
A 0611, A 0781, IES0657-558, A 2813, A 0141, A 2895, RXC J0220.9, A 0368, A 3084, A 3088, RXC J0331.1,
A 3140, A 3192, A 3292, RXC J0528.2, A 3364, AS 0592, RX J1000.5, Z 2701. Each map uses the same colour
scaling, given in the colour bar at the bottom. North is up and East is left. The ICF width is 100kpc in all maps
except A 2187, where it is 125kpc, and RX J1000.5, where it is 150kpc.
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the noise maps created false artefacts when the signal to noise maps were generated, and pos-

sibly reduced the signicance of genuine features in theκ maps. Mean noise maps for different

smoothing scales are given in Fig. 4.5. Maps reconstructed with a small ICF width are noisier,

and this dominates over the underlying noise pattern. However, while maps reconstructed with

larger ICF widths have small magnitude noise in the error maps, the underlying pattern is more

consistent and of a magnitude to cause significant anomalous structures in the signal to noise

map (Fig. 4.4, bottom row, far right panel). Fig. 4.6 shows the same maps but with the colours

scaled to the minima and maxima of each image (no colour bars included). The significance

and form of the underlying noise pattern compared to the error associated with the mass recon-

struction becomes clearer at higher ICF widths.

These artefacts are possibly caused by the random number generator used byLENSENT2

(P. Marshall, priv. comm.) and we decided not to trust the signal to noise map generated by

LENSENT2. However the error map does contain valuable information, such as the level of noise

in the map and, for those regions where the reconstruction signal dominates over the underlying

noise pattern, some information on the positional error. For comparison with multiwavelength

data, we wanted to display signal to noise contours on the maps. While the underlying error pat-

tern meant we decided not to directly display the error maps, the average error over the whole

error map was used to construct signal to noise levels for contouring and interpreting theκ maps.

In order to investigate the spatial noise on the structures within the reconstructedκ maps, we

followed two approaches: a B-mode test, where the reconstruction was repeated with all galaxy

observations rotated by 45◦, and a bootstrapped MCMC resampling of the faint catalogue to

provide constraints on the position of theκ mass peak associated with the BCG.
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Figure 4.4: Top: maximum entropy, error and signal to noise mapfor A 2813. This cluster has strong lensing and a
very strong shear signal, resulting in a good fit at an ICF width of 100kpc, so the interference from the anomalous
noise pattern is less. Bottom: the same again for A 3292, which has a much weaker signal and the map is very
much distorted in the signal to noise map due to the underlying noise pattern. In each image, North is up and East
is left.
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Figure 4.5: Averaged noise maps, rotated so the top of each imageis towards the spine: on the left, for ICF widths
of 50,75,100,125,150 kpc, and on the bottom, for ICF widths of 15,30,45,60,75′′. The patterns are seen in
all averaged noise maps except for those maps where the noise from the poor fit of a small ICF width in each
individual cluster map drowns out the underlying pattern.
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Figure 4.6: Averaged noise maps: on the top, for ICF widths of 50,75,100,125,150 kpc, and on the bottom, for
ICF widths of 15,30,45,60,75′′. The colour bars are here scaled to the minima and maxima of each image, to
better show the magnitude of the underlying noise pattern against the noise associated with the reconstruction.

4.1.2 B-mode analysis

B-modes measure the amount of noise in the shear measurement, and can be found by adding

45◦ to the orientation of the faint galaxy image, and repeating the weak shear analysis. The B-

mode maps should resemble a noise map: maps with a strong B-mode signal indicate systematic

noise in the weak shear measurement that will impact the constraints we can obtain on the DM

mass distribution. For all clusters, B-mode maps were found usingLENSENT2 with the rotated

shear catalogues. At the smoothing scale used for theκ analysis, 100kpc, 8/21 cluster optimi-

sations failed to converge on a solution. When theκ solution failed to converge, the smoothing

scale was increased, in order to increase the size of substructures the would be reconstructed

and thus simplify the solution. Increasing the smoothing scale did not work for those B-mode

solutions that failed to converge. It was only by decreasing the smoothing scale to 50kpc that

18/21 were able to converge on a solution. This suggests that for these clusters, the scale of the

noisy features in the weak shear data is far less than that of the significant features in theκ map.

Fig. 4.7 shows theκ map and B-mode map for three clusters for which the B-mode map did

converge to a solution at the smoothing scale of 100kpc. The top first cluster is A 2813, which
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has a strongκ signal, and for which we are able to constrain a multimodal model in the parame-

terised analysis. The B-mode map, on the left, has a much weaker signal than theκ map, and is

largely featureless. The middle cluster is A 3292, for which we saw the underlying noise pattern

impacted the signal to noise map in Fig. 4.4. The B-mode map for this cluster is still largely flat

and featureless compared to theκ map, but there is more stronger B-mode background noise

than for A2 2813. This could mean that the extent to which the underlying noise pattern affects

noise map from theLENSENT2 realisation is related to the B-mode signal. The bottom cluster

is A 141, for which we obtained a very low shear signal, a high cross shear component and

the later parameterised weak lens analysis failed to reconstruct a significant DM halo, and we

shall find conclude later that this cluster has a mispointed HST:ACS observation. The B-mode

map is almost as strong as theκ map, indicative of the very low shear signal and noise in the

shear catalogue. We concluded that the B-mode maps were consistent with the shear signal and

cross component analysis, but as they did not all converge at the same smoothing scale as theκ

maps, could not be used to determine uncertainties on the spatial properties of different features.

4.1.3 Constraints on the Peak of the Mass Distribution

The offset between the BCG position, X-ray peak and DM distribution peak is an important in-

dicator of dynamical state and can provide insight into the interaction physics between baryons

and DM. Thus we wanted to assess the constraints on the positions of structures observed in the

LENSENT2 convergence maps.

To obtain constraints on the position of the mass peak associated with the BCG, we cre-

ated 100 bootstrapped MCLENSENT realizations for each cluster, and analysed the statistical

properties of the results. The simulated faint galaxy catalogues were created by randomly, and

with replacement, selecting galaxies from the original faint galaxy catalogues, with the number

of objects in the simulated catalogue matching the number of objects in original faint galaxy

catalogue. LENSENT2 generated maximum entropy maps using these simulated catalogues,
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Figure 4.7: From top to bottom,κ (left) and B-mode (right)LENSENT2 realisations for A 2813, A 3292 and A 0141.
The black box denotes the ACS field of view, and the black circle the analysis BCG position. North is up and E is
west.
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using a FWHM of 100kpc, and the peaks in the maximum entropy maps were identified and

fitted usingIRAF functionphot. The standard deviation on the 2σ-clipped average of all these

positions was then calculated. A similar process identified the peak in the maximum entropy

map created using the original faint galaxy catalogues. It should be noted that with the original

catalogues, RX J1000.5+4409 and A 2187 do not successfully reconstruct at 100kpc, and so the

DM peak positions and constraints on these positions, for these maps were found using 150kpc

and 125kpc reconstructions respectively.

The distribution of the samples is plotted for each cluster in Figs. 4.8- 4.10. The green,

red and black contours represent the approximate 99%,95% and 68% limits. The mass peak

positions, offsets from the BCG and interpretation are discussed as part of the Results chapter

in § 5.4 (Fig. 5.4, Table. 5.1, 5.2).
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Figure 4.8: X,Y sample distributions fromLENSENT2 MC runs, in arcseconds. From left to right, A 2183, A 0141,
A 2895, RXCJ 0220.9-3829, A 0368, A 3084, A 3088, RXCJ 0331.1-2100 and A 3140.
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Figure 4.9: X,Y sample distributions fromLENSENT2 MC runs, in arcseconds. From left to right, A 3192, A 3292,
RXCJ 0528.2-2942, A 3364, AS 0592, 1ES0657-558, A 0611, A 0781 and Z 2701

4.2 Parameterised Modelling withLENSTOOL

The primary aims of the parameterised model fitting was to constrain the cluster total mass,

complexity and mass substructure fraction, in order to probe the internal structure and thus the

recent assembly history of these clusters. However, it was unknown at the start of the analysis
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Figure 4.10: X,Y sample distributions fromLENSENT2 MC runs, in arcseconds. From left to right,
RX J1000.5+4409, A 2187 and A 2537.

how far the shallow data could constrain the models. Thus a large portion of this analysis in-

volved testing different types of models and evaluating the constraints obtained on the mass and

structure of the clusters.

4.2.1 Model freedom and the use of priors.

The models that were optimised includedNh cluster scale PIEMD potentials and additional

galaxy scale PIEMD potentials based on an input catalogue of cluster galaxies, scaled by the

galaxy magnitudes. Throughout this analysis, only the properties of the cluster scale DM po-

tentials were optimised, the cluster galaxies included to provide a mass and position prior on

the optimisation.

Our source plane was fixed at a redshift of 1: for clusters between redshifts of 0.15− 0.3,

small variation in the redshift plane of 1 has an impact that is consistent within the systematic

errors on the fittedσ0. This is because the shear effect depends on the ratio between the angular

diameter distances between the source, the observer, and the lens. For variation of 0.2 around

the source redshift of 1.0, this ratio does not significantly vary for clusters within redshifts of

0.15− 0.3. The variance is greater for clusters at higher redshift: we tested varying the source
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redshift forA3192, which was found to lie atz = 0.42. The variation inσ0 induced by remod-

elling the cluster with source redshifts ofz = 0.8,1.2 was still consistent within 1σerrors with

theσ0 found with source redshift of 1.0. Thus we concluded that placing all our sources in the

same lens plane would not severely impacted the cluster mass reconstruction.

The cluster scale DM haloes were parameterised with PIEMDs (described in § 2.6.3). The

models initially consisted ofn ∈ {1, ...,5} cluster scale haloes with the velocity dispersion,σ0,

and halo position optimised usingLENSTOOL. These models were fitted to catalogues of indi-

vidual faint galaxy shapes. The halo positions were constrained by an approximation of ACS

field of view, restricted by the limitations on the shape of the x,y prior inLENSTOOL. In order

to determine model complexity we sought to use the Bayesian evidence mentioned in Eq. 4.1.

If model A is more likely than model B, the evidence for A will be higher than the evidence for

B. If A is significantly more likely,ln(EA) − ln(EB) > 1. This is equivalent to saying a multi-

modal model will be chosen over a simpler model ifP(Nh = N)/P(Nh = 1) > e1. The evidence

values produced by different model complexities were so similar that the difference between

two models was usually< 1. These models had too much freedom, and the constraints from

the individual galaxy shapes were not enough to provide robust conclusions on both the model

complexity and halo position. It was decided that the models needed further simplification via

prior information.

The IR data was used to constrain theLENSTOOL models in two ways. Cluster galaxy

catalogues, extracted from the IR data by finding the Red Sequence of galaxies (see § 3.4.1

for construction of the cluster galaxy catalogues and K-band luminosity density maps), were

assigned truncated PIEMDs based on their K-band magnitudes, and added to theLENSTOOL

models. The smoothed K-band luminosity density maps were analysed usingSEXTRACTORto

obtain positions of significant substructures in the light distribution, with the assumption that

the light traced the underlying DM mass distribution. For each cluster, the subpeak positions

were added, in order of luminosity, to a model containing at first just a single cluster scale peak
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fixed on the BCG position. In these optimisations, the only free parameter was the velocity

dispersion.

Despite fixing the positions of the possible DM haloes based on luminosity peaks, and only

fitting the velocity dispersion of the cluster scale DM haloes, the models were still unable to

reliably constrain the complexity of the DM distribution via the Bayesian evidence. For a subset

of the clusters, the geometry of the halo positions and poor constraints resulted in unphysical

models. The only part of the modelling process that was left to simplify were the faint galaxy

catalogues themselves.

4.2.2 Fitting Complex Models to Smoothed Faint Galaxy Catalogues

The final step in the search for reliable models and well constrained masses was to consider

smoothing the faint galaxy catalogues before fitting the models constructed using the IR prior.

Gaussian smoothing was used on the faint galaxy catalogues in order to suppress non-random

contributions to the shape noise, which were believed responsible for the poor statistical dis-

crimination between models of differing complexity. These could be caused by small scale

local SL strength signals, and uncorrected observational noise. A truncated 2D gaussian filter

(Eqn. 4.2), was applied at each point on a 15x15 grid, covering the ACS field of view. The

contribution from each galaxy observation within the truncation radius was further weighted by

the error on the ellipticity, allowing us to incorporate the observed error into our faint galaxy

catalogues, something not previously possible when using the individual galaxy shape measure-

ments as constraints. The truncation was performed to prevent the gaussian smoothed shear at

each point being diluted by the perpendicular shear on the other side of the potential. The trun-

cation radius would have to be small enough that the perpendicular shear terms wouldn’t impact

the signal, but large enough so that the non random noise terms were correctly removed by the

smoothing. The optimisation of both the truncation radius and smoothing scales are described

below.
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The 2D gaussian filter is given by Eqn. 4.2,

ωi =
1

σ22π
exp

(
−

r2
i

2σ2

)
(4.2)

whereri is the distance from each faint galaxy observation within the truncation radius to the

grid point. Using this method the weighted contributions from all faint galaxy observations

were summed and averaged at each grid point. As the weak lensing regime only applies up

to ∼ 60′′ from the centre of the lensing mass distribution, no contributions from faint galaxies

within that region were counted, and no grid points from within that region were added to the

final catalogues. Examples of the shear pattern of a selection of the smoothed catalogues are

given in Fig. 4.11.

When the truncation radius is low compared to the smoothing scale, the Bayesian evidence

associated with the model can be affected. As we wanted to choice of the most probable model

to be impacted only by the cluster complexity, we wanted to find the lowest truncation width

for which the evidence was stable. Thus we were not interested in the evidence for each trunca-

tion radius, but the impact that the truncation radius had on evidence as it decreased. For each

cluster, truncation widths of{180,200,220,240, ...,500}kpc were considered for two smooth-

ing widths, 50kpc and 100kpc. The likelihood of a higher truncation radius against a lower

truncation radius, and the reducedχ2 for each truncation radius, is given in Fig. 4.12.

When the truncation radius is too small, the faint galaxy catalogue is not well sampled and

the non random error terms still dominate. The evidence of the fitted model fluctuates, as does

the goodness of fit parameter. When these truncation radii are implemented the evidence ob-

tained for different smoothing scales or model complexity is not a reliable value with which to

optimise either. The evidence stabilised at for larger truncation radii given a smoothing scale

of 100kpc, than for a smoothing scale of 50kpc. As for the smaller smoothing scale there was

little negative impact on the reducedχ2 when the truncation radius was increased, the truncation

width was optimised for the larger smoothing scale.
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Figure 4.11: The smooth catalogues represented as stick plotsfor (clockwise from top left)A2813,A0368, the
Bullet cluster, andAS0592. The final fitted models have 2 haloes, 1 halo, 2 haloes and 3 haloes respectively. The
scale of each stick is given on each plot. The smoothing scale used was 90kpc.
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Importantly, the optimum truncation radius for each cluster chosen in this manner was found

to be independent of the complexity of the model used. A truncation radius of 380kpc was cho-

sen for all clusters, to maintain the smallest truncation radius possible, while ensuring that the

evidence of any smoothing scale or model complexity optimisation was not impacted by the

truncation radius. It should be noted here that the evidence for both A 3192 and the Bullet Clus-

ter never stabilised, likely due to their extended and complex mass substructure.

After the truncation radius was optimised, a range of smoothing scales were investigated.

These were in physical units, following the justification of theLENSENT2 analysis. Each model

was constructed using the subpeak positions from the luminosity density maps, created with the

cluster galaxy catalogues. Haloes were added to the model in order of luminosity, starting with

the position associated with the BCG, to a maximum of 5 haloes. Each cluster was run with

smoothing scales ofσg = {30,40,50,60,70,80,90,100,110,120}kpc, approximating a range of

FWHMs from∼ {75− 280}kpc. The optimum smoothing scale was then found for each model

complexity (Fig. 4.13). As with the truncation radius, the optimum smoothing scale was found

to be independent of the choice of model complexity. The modalσg result for this analysis,

50kpc, was consistent with the optimum result from theLENSENT2 analysis. The models using

the modal smoothing scale and the individual smoothing scale were then analysed to determine

the most probable model complexity in each case (Tables 4.1, 4.2).

The complexity of the models could be determined using the likelihood of a multihalo model

over a simpler model. The tables include more than one model where a more complex model is

clearly favoured over a simpler model, or where the differences in evidence are not significant

enough to strongly differentiate between models. In these cases, Occam’s razor applies, and the

simplest model should be chosen.

In order to check that the evidence for a model with a probable halo position added after
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Figure 4.12: The left plots show the change in evidence with respectto the truncation radius, the right plots the
impact on the reducedχ2. The black line is forσg = 50kpc, the red line forσg = 100kpc. Top:A2813; bottom:
A2537.
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Figure 4.13: σg versusevidence for each cluster. From top to bottom, left to right: A 2813, A 141, A 2895,
RXC J0220.9, A 0368, A 3084, A 3088, RXC J0331.1, A 3140, A 3192, A 3292, RXC J0528.2, A 3364, AS 0592,
1ES0657, A 0611, A 0781, Z 2701, RX J1000.5, A 2187, A 2537. On each plot: black denotes one halo model,red
denotes two halo model, green the three halo model, blue the four halo model and light blue a five halo model.
Orange circles identify peaks in the evidence distributions for each model complexity. Where this choice differs
between models, the optimumσg associated with the most likely model based on the evidence, is chosen. Finalσg

choices are shown in Tables. 4.1, 4.2.
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several unlikely halo positions were included was not biased low, new models were constructed

that included those haloes with significant group scale (300kms−1) or larger velocity dispersions,

even if the evidence of the original model suggested it was less likely than a simpler model. The

likelihood of these models was then compared with the most probable models from the initial

optimisations and the final models selected.

However, despite evidence for multi modal structure in models with larger smoothing scales,

and in the luminosity density and X-ray maps, the evidence differences for some clusters were

not significant to support complex models, as was the case for the non smoothed faint galaxy

catalogues. It was found by comparison with smoothing optimisations that did not include the

cluster galaxy PIEMDs, that including the cluster galaxies in the model motivates the evidence

to favour small smoothing scales and thus reconstruction of smaller scale mass structures. While

cluster galaxy catalogues are essential for providing position and mass priors on the models,

during smoothing scale optimisation they resulted in small smoothing scales that were insuffi-

ciently large to remove the non random error terms from the faint galaxy measurements. It was

decided not to include the cluster galaxies when optimising the smoothing scale in order to tune

σg to the uncertainties in the faint galaxy catalogues only. This resulted in a modal optimum

smoothing scale of 90kpc. The distribution of evidence for each smoothing scale, for unimodal

and bimodal models, is shown in Fig. 4.14.

From the previous smoothing scale analysis,A3364 was noted to strongly prefer all mass to

be place on the third brightest peak in the luminosity density map. In theσg optimisation plot

above, the black line represents a single halo model with the halo positioned on this third light

subpeak, and the red line represents a two halo model with the haloes centred on the two bright-

est peaks in the lightmap, which includes the BCG. As with the other clusters, the optimisation

of a single halo on the BCG position agrees with the two halo result. When the haloes do not

include the true mass centre, as indicated by all previous models, a larger smoothing scale is

preferred, likely trying to compensate for the shift in mass distribution centre. When the mass is
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Table 4.1:LENSTOOL Modelling Results (σg optimised with cluster galaxies included in the models)

Cluster Optimumσg Nh ln(E) P(Nh)/P(1) χ2
red Modalσg Nh ln(E) P(Nh)/P(1) χ2

red Halo IR IDa

A 2813
50 1 -91.94 1.00 1.01 — — — — — 0

2 -91.28 1.93 1.00 — — — — 0 1
3 -92.18 0.79 1.00 — — — — 0 1 3

A 0141 40 1 -86.34 1.00 1.01 50 1 -87.64 1.00 1.03 0
A 2895 30 1 -104.43 1.00 1.19 50 1 -109.07 1.00 1.24 0

RXCJ 0220.9
50 1 -93.93 1.00 1.06 — — — — — 0

2 -94.30 0.69 1.06 — — — — 0 1
2b -93.62 1.36 1.05 — — — — 0 3

A 0368 50 1 -112.59 1.00 1.25 — — — — — 0

A 3084
60 1 -87.07 1.00 0.91 50 1 -90.57 1.00 0.95 0

2 -87.35 0.76 0.92 2 -90.78 0.81 0.95 0 1
2b -86.22 2.34 0.89 2b -89.77 2.23 0.93 0 2

A 3088

60 1 -73.42 1.00 0.80 50 1 -76.20 1.00 0.84 0
2 -74.07 0.52 0.81 2 -76.57 0.69 0.84 0 2
2b -73.32 1.11 0.80 2b -76.30 0.90 0.84 0 3
3 -73.55 0.88 0.80 3 -75.22 2.66 0.83 0 2 3

RXCJ 0331.1
110 1 -73.46 1.00 0.77 50 1 -104.40 1.00 1.12 0

2 -73.57 0.90 0.77 2 -104.13 1.31 1.10 0 1

A 3140
80 1 -94.44 1.00 1.05 50 1 -107.48 1.00 1.20 0

2 -91.54 18.17 1.01 2 -106.67 2.25 1.18 0 3
3 -92.31 8.41 1.01 3 -107.48 1.00 1.19 0 3 4

A 3192

90 1 -95.12 1.00 1.03 50 1 -125.55 1.00 1.37 0
2 -92.70 11.25 0.99 2 -123.99 4.76 1.35 0 1
2b -95.39 0.76 1.03 2b -125.58 0.97 1.37 0 2
3 -92.81 10.07 0.99 3 -123.93 5.05 1.35 0 1 2

A 3292 60 1 -78.66 1.00 0.88 50 1 -82.00 1.00 0.91 0

aHalo identification number from Table 3.6
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Table 4.2:LENSTOOL Modelling Results (σg optimised with cluster galaxies included in the models)

Cluster Optimumσg Nh ln(E) P(Nh)/P(1) χ2
red Modalσg Nh ln(E) P(Nh)/P(1) χ2

red Halo IR ID

RXCJ 0528.2
50 1 -119.62 1.00 1.27 — — — — — 0

2 -119.95 0.72 1.27 — — — — 0 2

A 3364
40 1 -139.38 1.00 1.47 50 1 -154.84 1.00 1.64 0

1b -126.60 3.55E5 1.33 1b -136.95 5.88E7 1.44 2

AS 0592
40 1 -104.69 1.00 1.13 50 1 -109.58 1.00 1.18 0

2 -104.19 1.65 1.13 2 -108.52 2.89 1.17 0 1
3 -103.74 2.59 1.11 3 -107.09 12.06 1.14 0 1 4

1ES0657

60 1 -96.52 1.00 1.09 50 1 -98.37 1.00 1.11 0
2 -95.34 3.25 1.07 2 -97.71 1.93 1.10 0 2
1b -95.34 3.25 1.07 1b -97.24 3.10 1.10 1
2b -93.91 13.60 1.05 2b -96.51 6.42 1.08 1 2

A 611 30 1 -134.71 1.00 1.60 50 1 -163.83 1.00 1.94 0
A 781 40 1 -141.29 1.00 1.35 50 1 -145.57 1.00 1.39 0

Z 2701
30 1 -89.95 1.00 1.08 50 1 -122.04 1.00 1.47 0

2 -87.60 10.49 1.04 2 -115.51 685.40 1.38 0 1

RXJ 1000.5
50 1 -82.98 1.00 0.87 — — — — — 0

2 -80.82 8.67 0.84 — — — — 0 2
A 2187 50 1 -113.57 1.00 1.32 — — — — — 0

A 2537
60 1 -103.25 1.00 1.11 50 1 -112.02 1.00 1.21 0

2 -101.82 4.18 1.09 2 -110.91 3.03 1.20 0 1
3 -101.86 4.01 1.10 3 -111.04 2.66 1.20 0 1 2
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Figure 4.14: σg versusevidence for each cluster. From top to bottom, left to right: A 2813, A 141, A 2895,
RXC J0220.9, A 0368, A 3084, A 3088, RXC J0331.1, A 3140, A 3192, A 3292, RXC J0528.2, A 3364, AS 0592,
1ES0657, A 0611, A 0781, Z 2701, RX J1000.5, A 2187, A 2537. On each plot: the black line denotes the results
for a single halo model and the red line denotes the result for a bimodal model. Orange circles identify peaks in
the evidence distributions for each model complexity. Where this choice differs between models, the optimumσg

associated with the most likely model based on the evidence, is chosen. For some clusters, the actual smoothing
scale chosen was taken from where the slope of the evidence distribution suddenly changed. Finalσg choices are
shown in Tables. 4.3, 4.4.
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Figure 4.15: Left: Optimalσg versuscluster redshift. Right: The sameσg converted into arcseconds versus cluster
redshift.

centered on the third light peak position, the non linear errors are optimally removed at a lower

smoothing scale. This implies that there are fewer errors in the optimisation associated with

this position, and provides more evidence thatA3364 has a significant offset between the Dark

Matter, X-ray and luminosity distributions.A3364 is covered in greater detail in § 6.1.

To test whether the choice of smoothing scale is redshift-dependent, and therefore whether

we can trust structural measurements across the sample, we plot smoothing scale versus redshift

(Fig. 4.15). Despite large cluster-to-cluster scatter the lack of dependence of physical scale on

redshift suggests that the chosen smoothing scales reflect the properties of the clusters and not

their redshift distribution.

Once the smoothing scale was tuned to the uncertainties in the faint galaxy catalogues, the

cluster galaxies were added as individual PIEMDS, scaled by their K-band magnitudes, and the

models optimised underLENSTOOL (Tables 4.3, 4.4). This time the evidence was no longer

impacted by non linear error terms in the faint galaxy measurements, and was able to provide

clear constraints on model complexity for the majority of the clusters. As stated previously, a
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multimodal model, A, was chosen over a simpler model, B, ifP(A)/P(B) > 2.7. Out of 21 clus-

ters, 8 were mutimodal and 13 were unimodal, ie 38.1+13.3
−12.0% of the clusters had more than one

halo in the most probable parameterized model. The final models are summarised in Table 4.5.

4.2.3 Weak Lens Masses

Once the ficidual models were decided on,LENSTOOL was used to generate mass and error

maps, by entering the best fit dispersions as the parameters for the cluster scale components,

and adding in the cluster galaxy scale potentials.LENSTOOL could then be set to generate an

intergrated 2D mass map that could be compared with the spatial maps of the X-ray flux and

luminosity, or theLENSENT2 κ maps, or from which masses could be extracted by summing

the pixel contributions within a set aperture (Tables 4.6, 4.7). The aperture in which the mass

was found was chosen to be 250kpc, to aid comparison with Richard et al. (2010), where the SL

in 20 clusters cores were analysed to constrain the masses. At this point A 3192 was removed

from the main sample, as it was discovered to lie outside the redshift range that we wished to

investigate.

The weak lens masses ranged from 2− 15× 1013M⊙. Within the aperture of 250kpc, we

expected the masses to be larger than 1×1044 for clusters in this luminosity range. Thus we

concluded that the masses from the models were biased low. In order to determine the extent of

the low mass bias, we compared the weak lens masses from the 90kpc smoothed results to the

projected X-ray masses found in § 3.4.2, in Fig. 4.16.

The average weak lens mass to X-ray mass ratio, for the sample that did not include A 0781,

A 0141 (both removed for being miscentred and as a result poorly reconstructed) and A 3192,

wasMWL/MX = 0.57, with a standard deviation of 0.19. The averageMX/MWL for the same

sample was 1.95 with a standard deviation of 0.68. Assuming that the X-ray mass is a reliable

indicator of the truth, and that theMWL − MX discrepancy is very small within such a small
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Table 4.3:LENSTOOL: Modelling Results (σg optimised without cluster galaxies)

Cluster Optimumσg Nh ln(E) P(Nh)/P(1) χ2
red Modalσg Nh ln(E) P(Nh)/P(1) χ2

red HaloID

A 2813
80 1 -126.23 1.00 1.39 90 1 -152.69 1.00 1.69 0

2 -124.23 7.39 1.36 2 -149.78 18.36 1.65 0 1
3 -125.46 2.16 1.37 3 -150.97 5.58 1.66 0 1 2

A 0141 90 1 -135.20 1.00 1.59 — — — — — 0
A 2895 90 1 -122.39 1.00 1.39 — — — — — 0

RXCJ 0220.9-3829

50 1 -93.93 1.00 1.06 90 1 -116.58 1.00 1.32 0
2 -94.3 0.69 1.06 2 -116.11 1.60 1.40 0 1
2b -93.62 1.36 1.05 2b -115.86 2.05 1.30 0 3
— — — — 3 -116.38 1.22 1.31 0 1 3

A 0368 50 1 -112.59 1.00 1.25 90 1 -100.511 1.00 1.11 0

A 3084
70 1 -88.54 1.00 0.93 90 1 -104.38 1.00 1.09 0

2 -88.90 0.70 0.93 2 -104.82 0.64 1.10 0 1
2b -87.79 2.12 0.91 2b -103.96 1.52 1.09 0 2

A 3088
80 1 -82.015 1.00 0.90 90 1 -94.41 1.00 1.04 0

2b -81.41 1.83 0.89 2b -93.52 2.44 1.02 0 3

RXCJ 0331.1-2100
120 1 -73.54 1.00 0.77 90 1 -78.56 1.00 0.83 0

2 -73.81 0.76 0.77 2 -78.38 1.20 0.81 0 1

A 3140
90 1 -95.01 1.00 1.05 — — — — — 0

2 -91.18 46.06 1.00 — — — — 0 3
3 -91.93 21.76 1.01 — — — — 0 1 3

A 3192

90 1 -95.12 1.00 1.03 — — — — — 0
2 -92.70 11.25 0.99 — — — — 0 1
2b -95.39 0.76 1.03 — — — — 0 2
3 -92.81 10.07 0.99 — — — — 0 1 2

A 3292 70 1 -79.46 1.00 0.88 90 1 -87.40 1.00 0.97 0
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Table 4.4:LENSTOOL: Modelling Results (σg optimised without cluster galaxies)

Cluster Optimumσg Nh ln(E) P(Nh)/P(1) χ2
red Modalσg Nh ln(E) P(Nh)/P(1) χ2

red HaloID

RXCJ 0528.2-2942
50 1 -119.62 1.00 1.27 90 1 -152.39 1.00 1.61 0

2 -119.95 0.72 1.27 2 -151.73 1.93 1.60 0 2

A 3364
60 1 -176.93 1.00 1.87 90 1 -253.16 1.00 2.68 0

1b -154.57 5.14E9 1.63 1b -225.63 9.04E11 2.39 2

AS 0592
80 1 -140.97 1.00 1.52 90 1 -158.57 1.00 1.72 0

2 -138.72 9.49 1.50 2 -156.15 11.25 1.69 0 1
3 -135.09 357.81 1.44 3 -151.75 915.99 1.63 0 1 4

1ES0657-558

80 1 -106.15 1.00 1.20 90 1 -116.17 1.00 1.31 0
2 -103.07 21.76 1.15 2 -111.64 92.76 1.25 0 2
1b -104.65 4.48 1.18 1b -114.68 4.44 1.29 1
2b -101.35 121.51 1.13 2b -109.86 550.04 1.23 1 2

A 611
40 1 -138.38 1.00 1.64 90 1 -203.89 1.00 2.42 0

— — — — 2b -203.87 1.02 2.41 3 4
— — — — 3 -204.42 0.59 2.43 0 3 4

A 781 90 1 -191.90 1.00 1.83 — — — — — 0

Z 2701
30 1 -89.95 1.00 1.08 90 1 -193.95 1.00 2.35 0

2 -87.60 10.49 1.04 2 -185.48 4769.52 2.24 0 1

RXJ 1000.5+4409
50 1 -82.98 1.00 0.87 90 1 -107.29 1.00 1.12 0

2 -80.82 8.67 0.84 2 -103.33 52.46 1.07 0 2
A 2187 60 1 -115.60 1.00 1.34 90 1 -152.89 1.00 1.78 0

A 2537
70 1 -104.70 1.00 1.13 90 1 -114.56 1.00 1.23 0

2 -102.92 5.93 1.10 2 -111.86 14.88 1.20 0 1
3 -102.84 6.42 1.11 3 -111.60 19.30 1.20 0 1 2
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Table 4.5:LENSTOOL: Ficidual Model Properties

Cluster Nh δ(α,δ)′′ σg P(Nh)/P(1) χ2
red Modalσg P(Nh)/P(1) χ2

red

A 2813 2 0,0 80 7.39 1.36 90 18.36 1.65
5,−41

A 0141 1 0,0 90 1.00 1.59 — — —
A 2895 1 0,0 90 1.00 1.39 — — —
RXCJ 0220.9 1 0,0 50 1.00 1.06 90 1.00 1.32
A 0368 1 0,0 50 1.00 1.25 90 1.00 1.11
A 3084 1 0,0 70 1.00 0.93 90 1.00 1.09
A 3088 1 0,0 80 1.00 0.90 90 1.00 1.04
RXCJ 0331.1 1 0,0 120 1.00 0.77 90 1.00 0.83
A 3140 2 0,0 90 46.06 1.00 — — —

36,24
A 3192 2 0,0 90 11.25 0.99 — — —

80,101
A 3292 1 0,0 70 1.00 0.88 90 1.00 0.97
RXCJ 0528.2 1 0,0 50 1.00 1.27 90 1.00 1.61
A 3364 1 16,−44 60 5.14E9 1.63 90 9.04E11 2.39
AS 0592 3 0,0 80 357.81 1.44 90 915.99 1.63

−29,−2
−88,67

1ES0657 2 −18,−27 80 121.51 1.13 90 550.04 1.23
161,24

A 611 1 0,0 40 1.00 1.64 90 1.00 2.42
A 781 1 0,0 90 1.00 1.83 — — —
Z 2701 2 0,0 30 10.49 1.04 90 4769.52 2.24

−113,−41
RXJ 1000.5 2 0,0 50 8.67 0.84 90 52.46 1.07

63,−40
A 2187 1 0,0 60 1.00 1.34 90 1.00 1.78
A 2537 2 0,0 70 5.93 1.10 90 14.88 1.20

−39,−33
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Figure 4.16:MWL −MX relationobtained using the models fitted to gaussian smoothed data, with common smooth-
ing scale 90kpc. The same key as in Fig. 4.18 applies.

aperture, then there is some systematic bias in the reduction or modelling that is affecting the

strength of the shear signal, and thus producing lowerσ0 than expected. I explored two possible

causes: cluster galaxy contamination of the faint galaxy shear catalogues, and the smoothing

method used during theLENSTOOL modelling.

Cluster contamination

Cluster contamination refers to the inclusion of faint cluster galaxies in the faint galaxy cata-

logues. The overall effect is to dilute the shear signal, resulting in a lower average tangential

shear for the cluster and an underestimated mass measurement. (see § 2.6.4 for more details).

Because the faint galaxy catalogues were constructed using only a magnitude cut, and not multi-

filter colour information, the analysis is likely to have been impacted by such contamination.

In order to try and quantify the errors introduced by cluster contamination on our models,

we created adjusted catalogues, where we assume the shear values are affected by a degree of
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cluster contamination (10,20,30,40,50%), and boost the shear signal to imitate the ’true’ cata-

logues. In our simple analysis we boost the unsmoothed shear signal by 100/(100−X%), where

X is the contamination percentage of the total catalogue, and then smoothed using a scale of

90kpc and the same truncation width as our previous analysis, 380kpc. Because the analysis is

being performed on cluster cores, with a very small field of view, we assume the cluster galaxy

contamination to be constant across the field. The 10σcluster galaxy catalogues forA2813 and

A3088 were used in this analysis. We then fitted single halo models to each boosted catalogue

for each cluster, and obtained the best fit velocity dispersion and errors. On average, the fitted

σ0 is boosted by a factor of 1.28 between the 0% and 50% contamination correction models.

20/21 clusters had correctedσ0 consistent with the uncorrectedσ0, when correcting for 20%

contamination, this falls to 17/21 when correcting for 30% contamination. In the 50% case only

4/21 clusters had correctedσ0 consistent with the uncorrected value.

Fig. 4.17 shows the increase in fitted velocity dispersion for each cluster, assuming 0,10,30,50%

(grey,blue,green,red) contamination correction. In earlier analysis on unsmoothed faint galaxy

catalogues, the distributions suggested that the impact of even in the most extreme case of

cluster contamination that we modelled, 50%, the difference inσ0 was comparable to the sys-

tematic error in the fit. The resulting improvement inδσ0 once the faint galaxy catalogues were

smoothed meant the fittedσ0 were accurate enough to be impacted by cluster contamination.

However, this simple method only modelled the removal of the low mass bias of cluster con-

tamination by boosting the shear. Faint cluster galaxies would be among the brightest of the

faint galaxy catalogue, and would likely have well constrained shape measurements. As the er-

ror on ellipticity is also used to weight the faint objects when the catalogues are smoothed, this

means the signal from these objects would be favoured over the majority of the real background

galaxies in the uncorrected model. In these models the error on ellipticity is scaled as the el-

lipticity to maintain fractional errors and the weighting distribution, which uses the standard

deviation of the ellipticity distribution. However, when cluster members were removed, there

would be fewer objects as well constrained, increasing the standard deviation of the ellipticity
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distribution and likely increasing the associated error onσ0 in the corrected results compared to

our model. The galaxy number counts were also not altered in the corrected catalogues: in the

50% contamination correction, 50% of the faint objects would be removed in a truly corrected

catalogue, which would increase the error on the correctedσ0.

For the smoothed data, low levels of contamination are consistent within the systematic er-

ror of the trueσ0 value, however multi-filter data would greatly enhance the accuracy of our

analysis, especially for clusters at high redshift where there would be a considerable magnitude

overlap between the faint cluster member population and the brighter faint galaxy population.

Figure 4.17: For each cluster the fittedσv for the uncorrected catalogues is grey, for corrected catalogues assuming
10% contamination, the fittedσv is coloured blue, for 30% assumed contamination, green, and for the extreme case
of correction for 50% contamination, red.

Impact of Smoothing Method

The Gaussian smoothing of the faint galaxy catalogues was truncated to avoid perpendicular

shear contributions from faint galaxies on the other side of the centre of the mass distribution

diluting the signal at each grid point. Similarly, the faint galaxy shear contributions to each point
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Figure 4.18: Left:MWL − TX obtainedusing the models fitted to gaussian smoothed data, with individually opti-
mised smoothing scales, and Right: the same using models fitted to data smoothed with common scale 90kpc. The
blue circles denote cool core clusters, and the red squares denote non cool core clusters.

were weighted by their ellipticity errors, to prevent poorly constrain measurements impacting

the smoothed shear. However, it was possible that the smoothing method was still contributing

to the low mass bias. In order to investigate the manner in which the smoothing impacted the

LENSTOOL model results, we compared the masses from models with individually optimised

smoothing scales, and models using the modal smoothing scale 90kpc. These are plotted against

X-ray temperature in Fig. 4.18.

The left hand plot in Fig. 4.18 gives the masses from models with individually optimised

smoothing scales. The clusters with the lowest X-ray temperatures have weak lensing masses

that are relatively high (albeit still less than expected) compared to the clusters with higher X-

ray temperatures, for example RXC J0220.9-3829, RXC J0528.2-2942 and RX J1000.5+4409.

These three clusters all hadσg = 50kpc. Oversmoothing can bias the weak lens masses low.

Thus other clusters, with larger smoothing scales, may have a greater degree of low bias in their

masses in comparison with this sub sample, despite the truncation of the gaussian filter. How-

ever there are other clusters with very low smoothing scales, with no adverse impact, or, as in
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the case of A 0611, the opposite effect. In addition, RXC J0220.9-3829 and RXC J0528.2-2942

show some indication of DM substructure, but the evidence was not strong enough to support

the complexity at this smoothing scale. Fitting a single halo to a possible multimodal shear

signal may have resulted in an overly massive halo to compensate for the complexities in the

shear data. The lowest lensing masses in this figure belong to (lowest first) A 0141, A 0781,

and A 2187. A 0141 and A 0781 were both miscentred on the ACS field of view, while A 2187

is associated with a negligible tangential shear result, and has possibly not been reconstructed

successfully with this method. It is apparent that the weak lensing masses for those models with

individually optimised smoothing scales suffered different degrees of a low bias.

The right side of Fig. 4.18 gives the same plot with the weak lens masses from the models

fitted to data smoothed with the common smoothing scale, 90kpc. There is still alot of scatter

in the weak lens mass measurements, however, ignoring the most extreme low mass clusters,

the bias now appeared to be more consistent in this plot across the whole sample. This implies

that the apparent systematic bias is related to the truncated gaussian smoothing filter used on

the faint galaxy catalogues. There appears to be a positive relation between X-ray tempera-

ture and weak lens mass for the majority of the clusters, again ignoring the most extreme low

mass clusters. This suggests that the low mass bias may act on all models equally when the

same smoothing scale is used. Such an effect would only impact normalisation in the mass-

observable scaling relations, and not the slope.

In order to explore structural segregation in the mass-observable scaling relations, I wanted

to assess sources of bias in the weak lens mass measurement and determine whether these mass

estimates can be trusted. Assuming the most extreme case of the faint galaxy shear catalogues

suffering 50% cluster contamination, the correctedMWL would be increased by a factor of 1.64.

The more likely case of less extreme cluster galaxy contamination would require a smaller cor-

rection. When I looked at the impact of smoothing scale on the mass estimates, I found evidence

that the low mass bias was dependent on the smoothing scale used, and may be consistent across
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the whole sample when a global smoothing scale is applied.

The cause of the low bias is likely a combination of the uncorrected cluster contamination

of the faint galaxy catalogue, inadequate removal of the non random noise terms in the faint

galaxy shear measurements, and the truncation radius failing to prevent perpendicular shear

terms diluting the average shear at each bin point, with systematics related to the smoothing

of the faint galaxy catalogue responsible for the majority of the bias. Future application of

this pipeline would involve investigation of the truncation width and filtering method, while an

improved analysis would use multi-filter observations to produce uncontaminated faint galaxy

catalogues. For this thesis, motivated by the right hand panel of Fig. 4.18, we assume that the

smoothing and truncating of the shear catalogues is the dominant effect, and for the common

smoothing scale 90kpc the impact of the smoothing method is consistent across all the cluster

in the sample. This means it will primarily impact the normalisation of the mass-observable

scaling relations and not the underlying physical trends.

4.3 Summary

In this chapter I described the non-parametrised and parametrised weak lens mass reconstruction

of the cluster cores, using Bayesian statistics to robustly constrain substructure complexity and

the spatial mass distribution.

LENSENT2 was used to reconstruct maps of the projected surface mass distribution,κ, which

will be used to interpret the assembly history of the cluster by comparison with maps of X-ray

and luminosity density, and to efficiently obtain an initial guide to the level of structural mass

complexity that could be expected from the WL analysis of each cluster. By bootstrapped re-

sampling of the original shear catalogues, constraints were obtained on the offset between the

BCG and the peak of the mass distribution, which can be used as an indicator of cluster dynam-

ics and recent merger and infall activity.
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Table 4.6:LENSTOOL: Weak Lensing Masses

Cluster Nh σopt
g (α,δ)aper MWL(< 650kpc) MWL(< 250kpc) σmodal

g MWL(< 650kpc) MWL(< 250kpc) HaloID

[kpc] [′′], [′′] [1014M⊙] [1013M⊙] [1014M⊙] [1013M⊙]

A 2813 2 80 0,0 3.8±0.3 14.9±1.2 90 3.7±0.3 14.5±1.1 0 1
A 0141 1 90 0,0 0.3±0.09 2.0±0.4 — — — 0
A 2895 1 90 0,0 1.8±0.2 8.1±0.9 — — — 0
RXCJ 0220.9-3829 1 50 0,0 2.4±0.3 10.0±1.2 90 2.0±0.2 8.2±0.8 0
A 0368 1 50 0,0 2.1±0.4 8.8±1.7 90 1.8±0.3 7.5±1.2 0
A 3084 1 70 0,0 1.8±0.3 8.1±1.1 90 1.7±0.2 7.6±0.9 0
A 3088 1 80 0,0 1.9±0.2 8.0±1.0 90 1.8±0.2 7.5±0.8 0
RXCJ 0331.1-2100 1 120 0,0 1.5±0.2 6.7±0.8 90 1.8±0.2 8.0±0.9 0
A 3140 2 90 0,0 2.3±0.3 9.5±1.2 — — — 0 3
A 3192a 1 90 0,0 2.6±0.4 10.8±1.5 — — — 0

2b 0,0 2.7±0.5 10.6±1.9 — — — 0 2
2(fg) 80,101 — 3.1±2.4 — — — 1
2(bg) 0,0 2.7±0.5 11.3±1.6 — — — 0
3(fg) 80,101 — 3.2±2.4 — — — 1
3(bg) 0,0 2.8±0.6 11.0±1.9 — — — 0 2

A 3292 1 70 0,0 1.8±0.2 7.9±1.0 90 1.6±0.2 7.0±0.9 0

aThese masses were calculated by scaling the foreground group velocity dispersion w.r.t. the correct redshift, and placing the aperture on the group position. The
error map was generated during the optimisation at the cluster redshift.M(raper = 650) is unavailable for the foreground group due to the insufficient size of the error
map. The error on the cluster mass at this radius will be boosted by contribution from error in the map associated with the foreground cluster, and thus will be an
overestimate.
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Table 4.7:LENSTOOL: Weak Lensing Masses

Cluster Nh σopt
g (α,δ)aper MWL(< 650kpc) MWL(< 250kpc) σmodal

g MWL(< 650kpc) MWL(< 250kpc) HaloID

[kpc] [′′], [′′] [1014M⊙] [1013M⊙] [1014M⊙] [1013M⊙]

RXCJ 0528.2 1 50 0,0 2.3±0.2 9.5±1.0 90 1.9±0.1 7.6±0.6 0
A 3364 1 60 16,−44 2.1±0.2 8.6±0.8 90 1.6±0.1 6.7±0.6 2
AS 0592 3 80 0,0 3.3±0.4 12.6±1.2 3.2±0.3 12.1±1.1 0 1 4
1ES0657 2 80 −18,−27 2.7±0.5 9.8±2.0 2.6±0.5 9.2±1.8 1 2
A 0611 1 40 0,0 1.2±0.4 4.9±1.5 90 1.4±0.2 5.6±0.8 0
A 0781 1 90 0,0 1.0±0.3 3.4±1.1 — — — 0
Z 2701 2 30 0,0 2.8±0.6 9.4±1.8 1.7±0.3 5.6±0.8 0 1
RXJ 1000.5 2 50 0,0 2.5±0.5 9.5±1.8 1.8±0.2 6.8±0.9 0 2
A 2187 1 50 0,0 1.0±0.2 4.9±1.0 90 0.9±0.2 4.2±0.7 0
A 2537 2 70 0,0 2.8±0.5 10.4±2.0 2.9±0.4 1.1±1.6 0 1
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LENSTOOL was used to constrain the complexity of parameterised models of the mass dis-

tribution, using PIEMD haloes to model cluster and galaxy scale structures. IR priors on the

halo positions and removal of non random error terms in the shear measurements via smoothing

of the faint galaxy catalogues provided the simplification of the model necessary to obtain sta-

tistically sound conclusions on the number and spatial distribution of cluster scale DM haloes

within the cluster cores. Out of 21 clusters, 8/21 (38.1+13.3
−12.0%) of the most probable mass models

contained more than one cluster scale halo.

The reconstructed lens masses fromLENSTOOL were biased low due a combination of un-

corrected cluster contamination effects and systematics in the smoothing method, however the

mass-observable scaling relation suggest this bias is broadly consistent across the cluster sam-

ple when the same smoothing scale is used. In conclusion, when discussing the mass assembly

histories of clusters via comparison with between 2D maps of mass, X-ray and luminosity den-

sity, the optimum model based on the Bayesian statistics should be used, and when discussing

global sample properties in the mass-observable scaling relations, a common smoothing scale

should be applied to the shear catalogues so the low mass bias only impacts the normalisation

of the scaling relations.

Using the models I have constructed in this chapter I will now discuss an indepth analysis

of individual clusters, and the sample as a whole, in § 5.



Chapter 5

Multi Wavelength

Properties of Cluster

Cores

In this chapter I present the main results of the thesis on the structure of X-ray luminous galaxy

cluster cores. I begin with discussions on individual clusters in § 5.1, then I discuss the mass-

observable scaling relations, the DM substructure distribution and offsets between the mass, the

BCG and the X-ray centroids.

5.1 Individual Clusters

In Appendix A are figures showing the 2D K-band luminosity density, X-ray surface brightness,

LENSENT2 κ and LENSTOOL mass maps, which are compared and discussed in this section.

The caption on Fig. A.1 applies to all clusters. Cluster properties such asLENSTOOL model

complexity, subhalo positions, X-ray luminosity and temperature, cool core (CC) status and

mass/X-ray BCG offsets are summarised in Table 5.1, 5.2. The DM substructure fractions were

calculated as the fraction of mass in theLENSTOOLmodel not included in the BCG PIEMD and

DM cluster scale halo closest to the BCG position. Clusters were classed as having cool cores

if the logarithmic slope of the gas density profile at 0.04r500, α, was< −0.85, and disturbed if

the X-ray centroid was offset more than 15kpcfrom the BCG (Sanderson et al., 2009).

157



CHAPTER 5. MULTI WAVELENGTH PROPERTIES OFCLUSTER CORES 158

The clusters are discussed assuming that DM is collisionless and that mass follows light,

as we assumed when invoking the K-band position prior to help constrain the parameterised

LENSTOOL models. Therefore where the mass distribution suggests a significant peak without

a corresponding structure in the luminosity density distribution, the mass peak will be treated

with skepticism, and possible explanations for such a peak considered.

5.1.1 A 2813

The core structure of A 2813 is bimodal in the luminosity, X-ray andLENSTOOL mass maps

(Fig. A.1). TheLENSENT κ map implies the mass distribution is bimodal aligned E-R around

the BCG position, with weaker support for the N-S bimodal structure. In this case, it is possible

that the K-band position prior used in theLENSTOOL MODELLING compensated for a noisy

shear signal, allowing for a more accurate reconstruction of the mass distribution, as there is no

evidence the theκ map BCG associated E-W bimodallity structure in either the luminosity or

X-ray maps. The DM mass is most strongly associated with the BCG position in the parame-

terised and non-parameterised mass distributions from the lensing analysis, but the X-ray map

is associated with the luminosity subpeak 40′′ S of the BCG. The X-ray and mass distribution,

in combination with the lack of a cool core, may imply that the subpeak in the luminosity dis-

tribution has passed through the core, resulting the disturbed X-ray morphology and disrupting

the cool core. The offset of the bulk of the X-ray emission from the BCG and DM peak could

suggest a bullet-like morphology. The interpretation of this cluster’s formation history would

benefit from deeper X-ray observations to determine whether there is an X-ray shock feature in

the gas distribution, and to constrain the structure associated with the non parameterised recon-

struction of the mass around the BCG. This cluster is thus an example of a possible ’extreme’

cluster identified for future study using the methods in this thesis.
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Table 5.1: Cluster Properties

Cluster Nh (α,δ) LX TX α ∆(BCG,X) ∆(BCG,DM) fsub(250kpc)a CC? Disturbed?
[′′] (1044ergss−1) keV [kpc] [kpc]

A 2813 2 0,0 8.8±1.4 6.5+0.9
−0.7 −0.34±0.07 116.4±2.2 80.8±81.7 0.39±0.03 no yes

5,−41
A 0141 1 0,0 6.7±1.1 6.5+1.6

−1.3 −0.24±0.05 623.4±1.8 175.8±66.8 0.73±0.13 no yes
A 2895 1 0,0 6.4±0.9 8.1+1.7

−1.2 −0.48±0.13 45.1±1.8 43.4±42.8 0.23±0.03 no yes
RXCJ 0220 1 0,0 5.8±0.7 4.2+0.8

−0.4 −0.95±0.04 5.0±1.8 94.5±70.0 0.05±0.01 yes no
A 0368 1 0,0 4.9±0.7 6.6+1.7

−1.1 −0.92±0.05 7.7±1.8 35.2±17.6 0.20±0.03 yes no
A 3084 1 0,0 4.7±0.8 4.3+0.9

−0.6 −0.36±0.05 46.1±1.8 39.2±37.2 0.23±0.03 no yes
A 3088 1 0,0 8.0±1.4 7.7+2.2

−1.3 −0.88±0.03 14.6±2.0 46.1±18.8 0.18±0.02 yes no
RXCJ 0331 1 0,0 5.0±1.3 5.7+1.0

−0.8 −1.20±0.06 5.4±1.6 140.9±136.2 0.06±0.01 yes no
A 3140 2 0,0 4.3±0.65 5.3+0.9

−0.6 −0.44±0.11 13.1±1.5 29.7±11.2 0.62±0.08 no yes
36,24

A 3192b 2 0,0 2.7±0.4 — — — 181.7±139.7 0.15±0.02 — —
80,101

A 3292 1 0,0 3.3±0.5 3.6+0.5
−0.4 −0.29±0.03 5.4±1.3 45.4±22.3 0.06±0.01 no no

aThe substructure fractions were calculated from models using smoothing scale of 90kpc
bThe second position listed for A 3192 is included in the most probable model for this cluster, but is associated with a foreground group outside the field of view.

The substructure fraction listed for the cluster is from the single halo model.
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Table 5.2: Cluster Properties

Cluster Nh (α,δ) LX TX α ∆(BCG,X) ∆(BCG,DM) fsub(250kpc)a CC? Disturbed?
[′′] (1044ergss−1) keV [kpc] [kpc]

RXCJ 0528 1 0,0 2.9±1.1 4.2+0.6
−0.5 −0.27±0.08 30.1±1.4 82.3±16.8 0.04±0.003 no yes

A 3364 1 16,−44 4.7±0.4 7.7+1.4
−1.1 −0.32±0.03 40.9±1.3 64.8±20.0 0.14±0.01 no yes

AS 0592 3 0,0 12.3±1.0 9.9+3.6
−1.9 −0.86±0.04 102.2±1.8 111.8±106.2 0.50±0.04 yes yes

−29,−2
−88,67

1ES0657 2 −18,−27 26.6±2.1 13.2+1.5
−0.7 −0.26±0.02 200.2±2.2 189.2±78.8 0.26±0.05 no yes

161,24
A 611 1 0,0 8.1±0.5 7.9+1.3

−1.0 −0.70±0.04 1.4±2.2 32.9±16.8 0.17±0.02 no no
A 781 1 0,0 10.2±0.8 4.7+1.5

1.0 −0.11±0.03 81.3±2.2 144.9±26.9 0.25±0.08 no yes
Z 2701 2 0,0 6.3±0.5 5.1+0.4

−0.4 −0.88±0.12 3.9±1.7 27.6±11.9 0.26±0.04 yes no
−113,−41

RXJ 1000 2 0,0 1.8±0.1 3.4+0.4
−0.4 −0.95±0.09 14.8±1.3 26.2±30.3 0.40±0.05 yes yes

63,30
A 2187 1 0,0 3.1±0.2 8.2+1.8

−1.3 −0.46±0.10 1.4±1.5 114.8±18.9 0.26±0.04 no no
A 2537 2 0,0 11.8±1.7 6.7+0.9

−0.9 −0.50±0.06 25.1±2.2 54.3±140.5 0.48±0.07 no yes
−39,−33

aThe substructure fractions were calculated from models using smoothing scale of 90kpc
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5.1.2 A 0141

The SNAPSHOT observation of A 0141 was mispointed to a prominent light peak south of the

cluster core. The X-ray image in Fig. A.2 shows comparatively weaker emission in this re-

gion compared to the X-ray surface brightness structure to the North, and theLENSENT2 and

LENSTOOL analysis both struggled to constrain the mass distribution. The DM structure recon-

struction of this cluster is counted as failing due to the mispointed observation.

5.1.3 A 2895

The luminosity, X-ray andLENSENT2 κ 2D distributions for A 2895 all show some substructure

∼ 100′′ SE of the BCG, with further evidence for smaller NE and NW extensions in the core,

on 30′′ − 60′′ scales (Fig. A.3). However the SE substructure has low significance (2σ) in the

κ map, and is not supported by the evidence in theLENSTOOL model. It may be a foreground

collection of galaxies, or even a valid substructure of the cluster core that is not massive enough

to induce a shear signal strong enough for this analysis to detect it. The X-ray peak is N of the

BCG and also offset from the X-ray centroid. The unusual X-ray surface brightness edges in the

central square arcminute could possibly be related to the luminosity subpeaks to the immediate

NE and NW of the BCG position, and similar 3− 4σ extensions in theκ map. TheLENSTOOL

mass map consists of a single halo fixed on the BCG position, and theLENSTOOL modelling

shows no significant support for any substructure in the core. This cluster lacks a cool core and

in combination with the X-ray offset in the core and possible features in the central arcminute in

both the luminosity, X-ray andκ maps, this cluster could be undergoing dynamical unrest in the

core that has disrupted the cooling flows. Deeper lensing observations would be necessary to

determine constrain the mass and shear contribution of the SE subpeak in the luminosity map,

and try to obtain greater constraints on the structure around the BCG.
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5.1.4 RXC J0220.9-3829

The map of the X-ray emission suggests a slight N-S elongation, while the luminosity distribu-

tion shows some structure to the NE (Fig. A.4). TheLENSENT2 κ map supports both of these

features, while theLENSTOOL comprises of a single cluster scale halo fixed on the BCG posi-

tion. This cluster has a cool core, and appears undisturbed.

5.1.5 A 0368

The X-ray emission and luminosity density maps in Fig A.5 both show mild elongation along

the E-W axis. The X-ray contours appear undisturbed, and there is no evidence for substructure

in the emission. Theκ map is very noisy, with the 3σdetection in the core suggesting a possible

N-S elongation in the mass. When the IR prior is invoked, theLENSTOOL evidence only sup-

ports a unimodal model with the mass centred on the BCG. This comparison, in combination

with a cool core and small X-ray centroid offset, suggests this cluster is likely unimodal and

undisturbed.

5.1.6 A 3084

The 2D luminosity density in the core ofA3084 is concentrated on the BCG position, with

substructures of dimmer cluster members to the SW and SE (Fig. A.6). The X-ray emission is

slightly extended from the BCG to the SW, albeit not as far as the cluster galaxy distribution.

Theκ map is noisy, with most of the mass centred on the BCG and a 3σsubpeak to the ESE and

3σ extension to the SSE, consistent with the light subpeaks at∼ −100′′,−15′′ and∼ −75′′,−90′′.

Neither of these positions are supported by most probableLENSTOOL mass map, which has a

single halo fixed on the BCG position, with no significant evidence for substructure. It is possi-

ble that the luminosity subpeaks to the SE do not have the mass necessary to produce a strong

signal that theLENSTOOLmodel can account for when the position of the mass peaks is fixed on
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the K-band prior positions. If we assume the luminous substructure to the SW is connected and

not a projection effect, this structure may have recently passed through the core. This cluster has

no cool core, which may support this explanation, if the infall perturbed the cool core. However,

if this is the correct explanation of what happened, the weak lens analysis of the shallow ACS

data is unable to support it. Deeper weak lens observations could improve constraints on the

mass distribution, while cluster galaxy redshifts and velocity dispersion would help determine

the 3D luminosity structure of the cluster core.

5.1.7 A 3088

A 3088 has a cool core, and the X-ray and luminosity distributions show little evidence of sub-

structure, with the X-ray emission peak just NW of the BCG (Fig. A.7). Theκ map also places

the mass NW of the BCG, with an extended structure to the SE, and one to the E that may be

related to some cluster galaxies near the eastern edge of the ACS field of view. The evidence

supported mass map is unimodal and centred on the BCG, consistent with the very small offset

seen in the X-ray. This cluster appears undisturbed.

5.1.8 RXC J0331.1-2100

The mass distribution in theLENSENT κ map is very flat, with some evidence for the subpeak

in the luminosity map, to the SE of the BCG (Fig. A.8). The most probableLENSTOOL model

is unimodal, with the DM cluster halo centred on the BCG position, in good agreement with the

undisturbed X-ray distribution. RXC J0331.1-2100 has a cool core, simple luminosity distribu-

tion and appears undisturbed. The flatκ map, is possibly related to the high cross component

of the shear, which was inconsistent with zero within 3σ, in combination with a low average

tangential shear (Table. 3.10, indicating high levels of noise in the faint galaxy catalogue.
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5.1.9 A 3140

A 3140 has clear indications of a turbulent recent history by the related extensions evident in

the X-ray and luminosity distributions, NE of the BCG (Fig. A.9). Given the obvious structure

in the light and X-ray it might be expected that the DM distribution would be similar perturbed.

The LENSENT2 κ distribution appears offset to the E, with an extension to the SW. There is

also some indication of mass substructure to the N. TheLENSTOOL massmap is even more in-

teresting with the mass concentrated on the BCG and a luminosity peak (resolved in the 75kpc

smoothed light map that the IR prior was generated from) just to the NW, at∼ (30,20)′′ from the

BCG position. The placement of mass NW of the BCG may be related to the X-ray emission

centred W of the BCG and the dim cluster galaxy population W of the BCG. With its lack of

cool coreA3140 is likely post merger, with the infalling structure having passed NE through

the core, leaving the feature in the X-ray, and mass distribution ending up offset from the clus-

ter core. Deeper weak lens and X-ray observations would be required to better understand the

structural discrepancies in this cluster core.

5.1.10 A 3192

This cluster is associated with RXC J0358.8−2955 and listed atz = 0.168 by Böhringer et al.

(2004b). However, RXCJ0358 (on which our data are centered) has recently been identified

as lying atz = 0.425 (Ebeling et al., 2010). We discuss the properties of the optically detected

system A 3192 in § 6.2.

5.1.11 A 3292

The X-ray map has an interesting extension immediately W of the BCG but with no related

luminous substructure (Fig. A.11). By comparison, the luminosity density is centered on the
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BCG. The most probableLENSTOOL modal is unimodal, with all mass assigned to a halo cen-

tred on the BCG position. However the peak of theκ map is also offset to the W, in agreement

with the X-ray emission. This could indicate that the cluster galaxy selection has omitted some

members in this region. A 3292 doesn’t have a cool core, which in combination with the distur-

bance in the X-ray surface brightness suggests this cluster is disturbed.

5.1.12 RXC J0528.2-2942

The luminosity distribution for RXC J0528.2-2942 has a subpeak sW of the BCG in the corner

of the ACS field of view, and a WSW of the BCG and just outside the ACS field of view, that

may be related to the extension in the X-ray contours towards this direction (Fig. A.12). This

structure is not reflected in theκ map, which is centre SE of the BCG with extensions to the

N and W. TheLENSTOOL model has a single DM halo centred on the BCG position, consis-

tent with the mostly central luminosity distribution, although the region below the BCG had no

position prior and wasn’t modelled. The X-ray emission is offset below the BCG, in possible

agreement with theκ results. This non coolcore cluster is disturbed, with offset luminosity, DM

and X-ray distributions: the The strongκ detection and difference between the spatial maps

suggests the interpretation of this cluster would require deeper weak lens data to improve the

constraints on the mass distribution, and a spectroscopically selected cluster galaxy catalogue

to ensure completeness in the luminosity density map. This cluster is another example of thie

method identifying interesting clusters for indepth study.

5.1.13 A 3364

The luminosity and X-ray distributions strongly suggest a disturbed cluster with interaction

between the BCG and a galaxy to the immediate North, with extended emission N and S of

the BCG (Fig. A.13). In contrast the most probablyLENSTOOL models very strongly prefer

to position all mass on the SW subpeak at∼ (15,−40)′′, in agreement with theκ distribution,
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which peaks between the BCG and the SW luminous subpeak. A 3364 lacks a cool core, and

appears strongly disturbed, with large offsets between the X-ray, light and mass centres. It

is likely the result of a complex and possibly trimodal merger, and ideal for studying the in-

teraction between baryons and DM. The large offset between the luminosity, X-ray and mass

distributions, and the constraints on the weak lens mass modelling is discussed in depth in § 6.1.

5.1.14 AS 0592

The X-ray emission, luminosity density,κ andLENSTOOL mass maps all imply that AS 0592

is a multimodal cluster with interesting core structure. Theκ map closely reflects the bimodal

core structure of the X-ray emission, with the larger mass peak associated with the larger X-ray

peak, which itself is associated with the subpeak in the luminosity distribution. TheLENSTOOL

mass map places the majority of the mass on the BCG position. Both theκ and mass map have

structures coincident with the luminosity subpeaks in the NE of the ACS field of view, and the

LENSTOOL supported peak is coincident with a distortion in the X-ray contours. Theκ map

also shows further support for the extended light structure to the NW of the BCG, although

there was no support for this position in theLENSTOOL fixed halo model or in the X-ray emis-

sion. Surprisingly this complex and disturbed cluster has a cool core. Given the bimodal X-ray

distribution, this could indicate a pre merger system, with the mass subpeak and X-ray contour

distortion in the NE remnants of an earlier infall event. The derivation of the structure distribu-

tion of this cluster has been very successful, and while the mass was not well constrained, the

results for this cluster demonstrates the potential of this method to efficiently determine cluster

complexity and identify extreme clusters for detailed study.

5.1.15 1ES0657-558

The Bullet Cluster is famous for its shock fronted X-ray emission and complex structure. By

including it in this analysis, it provided a way of testing the systematics in the results from the
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lens analysis pipeline. The X-ray emission, luminosity density,κ and mass maps can be seen in

Fig. A.15. The most probableLENSTOOL model is not a bimodal model with one halo fixed on

the BCG position, but a bimodal model with one halo on the subpeak in the luminosity map, and

the main cluster DM halo at∼ (−20,−30)′′, the brighter peak SE of the BCG in the luminosity

map. Theκ is in agreement with the mass map that the peak of the DM distribution closest

to the BCG is strongly offset from the BCG position, while the position of the subpeak from

LENSENT is in agreement with the position from the IR prior. Both lensing structures maps

support that the Bullet Cluster is a non cool core merger in the plane of the sky, with the main

cluster DM component offset from the BCG position. A more detailed look of the systematics

in the spatial constraints is given in § 6.1.

5.1.16 A 0611

The bright peak in the NE corner of the luminosity map, matched by X-ray emission, is not in

agreement with theκ map distribution (Fig. A.16): this feature is possibly a result of projection,

or otherwise unrelated to the cluster. Theκ map instead shows more evidence for a DM subpeak

30′′ immediate SE of the BCG, possibly related to a luminous subpeak just W of this position.

TheLENSTOOLmodel contains a single DM halo fixed on the BCG position. This is a non cool

core cluster, but the logarithmic slope of the gas density profile,α = −0.70 is still quite steep,

suggesting that a cool core could be forming. The cluster appears spatially undisturbed, with

DM substructure near the core. One possible interpretation is that the cluster is recovering its

cool core after a distant past merger.

5.1.17 A 0781

There is almost no evidence for any structure in theκ map andLENSTOOL assigned negligible

mass to this position every time it was included. The actual position of the BCG is not in the
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centre of the ACS field of view, which, in combination with the complex structure of this clus-

ter, is likely responsible for the failure to constrain this model, similar to issues encountered

with A 0141. Another contributing factor may be related to the cross component of the shear,

which was not consistent with zero within 3σ.

5.1.18 Z 2701

The luminosity density map has two significant subpeaks to the N and SE (Fig. A.18). Theκ

map has a lot of substructure, with one prominent peak coincident with the SE subpeak in the

luminosity distribution. This position is supported the most probableLENSTOOL model, which

is bimodal and includes this position and the BCG position. This subpeak may be related to the

NE-SE aligned of the X-ray emission, which may also be related to the northern subpeak in the

luminosity map. Z 2701 is a cool core cluster, and the small offsets between the X-ray centroid,

mass peak BCG suggest it is undisturbed.

5.1.19 RX J1000.5+4409

The mass,κ, luminosity density and X-ray emission 2D distributions are given in Fig. A.19.

Comparison of all the maps suggests RX J1000.5+4409 is a bimodal cluster. Theκ map shows

structure from the far E side of the field of view to the W, supported by galaxy distribution in

the E, but the alignment of the western structure to the SW, is at odds with the alignment in the

luminosity and X-ray maps, to the NW: theκ distribution is also rather flat and has a high back-

ground: the contours in this map begin at 3σ. The most probablyLENSTOOLmodel is bimodal,

the subpeak in the NW agreeing with the X-ray map. It could be that the use of the IR prior

compensates for noisy shear measurements and helps constrain the model, but alternatively this

prior, which not only restraints the position of possible cluster scale DM haloes, but also adds

a mass prior by way of the PIEMD potentials of the cluster galaxies, could remove information

on an offset of the subpeak centre of mass from the luminosity subpeak position. This cluster
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has the lowest X-ray luminosity in the sample and a cool core, both indicators that the cluster is

undisturbed, however the offset between the X-ray centroid and BCG suggests it is disturbed.

Assuming this is the case, and assuming that the NW feature in the X-ray map is related to the

NW substructure in theLENSTOOL mass map, it could be that this substructure has passed by

the core in projection.

5.1.20 A 2187

A 2187 appears has a strong NW distortion in the luminosity distribution (Fig. A.20), but the

X-ray emission is extended WSW. The morphology of the X-ray emission, X-ray structure in

the core and the lack of a cool core suggests this cluster is disturbed. Theκ map is noisy, but the

offset of the centre of the most significant feature, associated with the BCG, to the W, may be

related to the disturbance in the X-ray contours. However the most probableLENSTOOL model

has a very low mass halo fixed on the BCG position. The lensing constraints on this cluster

are not very strong, and the tangential shear for this cluster is negligable. It could be that the

disturbed nature of this cluster has resulted in a shear signal morphology too complex to be

constrain by this analysis of the shallow HST data. The analysis of this cluster would likely

benefit from deeper observations to better constrain the WL shear signal, and from a more ro-

bust cluster galaxy selection method.

5.1.21 A 2537

The luminosity distribution is multiimodal near the BCG, a configuration supported by the

LENSTOOL model, weakly indicated in theκ map but not supported by the X-ray distribution.

The X-ray distribution appears undisturbed and smooth, however this cluster does not have a

cool core, and the X-ray centroid is offset from the BCG position. The substructure in the lens-

ing mass and luminosity maps and the lack of a cool core may be due to previous infall history:

if this was along, or at a shallow angle to the line of sight, then the X-ray contours may appear
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undisturbed.

5.1.22 Summary

The cluster conclusions drawn above motivated A 3140 and RX J1000 being classed as dis-

turbed despite having offsets just short of the criterion of> 15kpc set by (Sanderson et al.,

2009). Based on comparing the multi-wavelength structure maps, A 0781 and A 0141 were

removed from the sample, while A 3192 was removed for being outside the redshift range es-

tablished during the LoCuSS sample selection. This left 18 clusters in the final sample. Of

these, 7/18 (38.9%+14.5
−13.1) had cool cores and 11/18 (61.1+13.1

−14.5) were classed as non cool core.

10/18 (55.6%+13.6
−14.4) were classed as disturbed, and 8/18 (44.4%+14.4

−13.6) as undisturbed. Clusters are

considered multimodal in the DM distribution if the best fitLENSTOOL model had more than

one cluster scale potential, with 7/18 clusters being multimodal.

Of the 7 cool core clusters, 5/7 were classed as undisturbed, while of the 11 clusters lacking

a cool core, only 3/11 were classed as undisturbed. 6/10 disturbed clusters had multimodal

mass models, compared to 1/8 of the undisturbed clusters, possibly suggesting dynamical status

is related to the existence of significant mass substructure in the core.

If both cool core status, and DM core substructure are related to dynamical state, it may be

expected that the non cool clusters are more likely to be multimodal. However, when we look at

the segregation in most probableLENSTOOLmodel complexity between cool core and non cool

core clusters, 3 out of 7 (42.9%+24.8
−22.3) of the most probableLENSTOOLmass models for cool core

clusters were multimodal, compared to 4/11 (26.7%+16.2
−12.3) of the non cool core clusters. Two of

the cool core clusters were classed as disturbed based on the offset between the X-ray distribu-

tion and the BCG position, and these also had multimodalLENSTOOL models. Thus cool core

status may not be a perfect indicator of dynamical state if the cool core hasn’t been perturbed

by infalling substructures, or has since restablished itself. This result could also imply that in
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this analysis substructure in cool core clusters is easier to constrain. If non cool core status

suggests a disturbed morphology and recent infall, then the mass substructure distribution may

be too complex too constrain with the shallow SNAPSHOT observations. A disturbed cluster

with a cool core could result if enough time has passed such that the cool core has re-established

itself after a merger, possibly resulting in a simpler DM morphology that is easier to constrain.

Similary, if the substructure has not fallen through the core, then the cool core may have not

been disturbed yet, and the DM substructure may be more distinct from the underlying cluster

halo and easier to constrain.

5.2 Scaling Relations and Observable Quantities

The clusters in this sample were primarily chosen using their X-ray luminosity, and were not

chosen based on their mass or evidence of SL effects. The aim was to obtain a sample repre-

sentative of the entire cluster population, in order to probe global relationships between cluster

properties. We examined to look at three scaling relations,MWL − TX , MWL − LX andMWL − LK,

to investigate whether the cool core status of a cluster impacted the slope or scatter of this re-

lations. Although the weak lens cluster mass estimates were biased low, by using a common

smoothing scale we hoped to maintain a common low mass bias across the sample and show

that this bias only impacted the normalisation of any mass based scaling relations, and not the

slope.

5.2.1 Theoretical Model

Their rarity means clusters can be treated as isolated systems, and can be considered in be viri-

alised: as the time it takes a galaxy to cross a cluster (assuming a virial radius of∼ 1.5−2Mpc)

is much less than the age of the Universe, so we assume the cluster is in Virial Equilibrium, ie

the kinetic energy is half that of the gravitational energy. Then we can apply this Virial Theorem
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to determine the relation between the X-ray temperature and the virial mass,TX ∝ Mvir/Rvir. As

the virial mass is proportional to the cube of the virial radius, where the average density of the

cluster is 200 times the critical density of the universe, then for masses within radii of fixed

overdensities,

T ∝ M
R

∝ M
2
3 (5.1)

For masses found within fixed radii,R does not scale withM, and thus,

T ∝ M
R

∝ M (5.2)

The X-ray luminosity is related to the gas density and X-ray temperature (Eq. 5.3). Using a

similar reasoning the relationship betweenLX andM at fixed radii can deduced,

LX ∝ ρ2
gT

1
2 R3 (5.3)

Thegas density,ρg, can be related to the cluster mass using the gas mass fraction,fg = Mg/M =

(ρg ∗R3)/M, to give,

LX ∝ (
fgM
R3

)2T
1
2 R3 ∝

f 2
g M2

R3
T

1
2 (5.4)

As before, at fixed radiiR does not scale withM, and Eq. 5.4 becomes,

LX ∝ f 2
g M2T

1
2 (5.5)

And as for masses at fixed radii,M ∝ TX ,

LX ∝ f 2
g M5/2 (5.6)

This can be rearrange to getM ∝ L0.4
X . So the slope of the loggedMWL − TX andMWL − LX rela-

tions, using masses at fixed radii, is expected to be 1.0 and 0.4 respectively.

If we assume that a massive cluster with a deep potential well has a bright X-ray luminosity

because it has accumulated a lot of X-ray gas, then we may conclude that it has experienced

significant mass infall to create the potential well in the past. More massive clusters are ex-

pected to have formed earlier, to allow for the accretion of their mass. Thus we would expect
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the core to be dominated by large, old, red elliptical galaxies. This infall and environment could

also quench star formation, resulting in fewer young stars, making the galaxies in the core even

redder. Based on this scenario, we may expect the K-band luminosity, which reflects the amount

of ’red’ light emitted from the cluster, to also trend with mass. Thus we also assume a slope of

0.4 for the loggedMWL − LK relation, to test whether X-ray and IR luminosity scale similarly

with the weak lensing mass, which could imply a link between the increase in X-ray emitting

gas and SF quenching in galaxy cluster cores.

5.2.2 Results

Fig. 5.1 shows the weak lens masses found using the best fit parameters from the optimum

LENSTOOL models for each cluster, against K-band luminosity,LK, X-ray temperature,TX , and

X-ray luminosity, LX . The log-log relation between the properties was fit as a straight line,

with log10MWL = B + A×X , whereX = log10TX ,LX ,LK. This fitting was done using a weighted

orthogonal distance regression algorithm, calledODRPACK (Boggs et al., 1989), where the or-

thogonal distance from each measured data point is minimised. ODRPACK takes account of the

error associated with each data point by weighting each point by 1/σ2. As part of the fitting

process, ODRPACK returns the predicted error on each measurement, assuming that the best fit

relation is true. This error is an estimate of the measurement error and the intrinsic scatter com-

bined. The average of these errors is given at the top of each plot, colour coded by subsample

type. Assuming that, on average, the clusters have similar measurement errors, then these mean

errors indicate the relative differences in intrinsic scatter between each subsample.

The theory outlined above predicts that for the mass-temperature relation we would expect

A to equal 1.0, and for the mass-luminosity relationA = 0.4. The best fit results forA andB are

given in Table. 5.3. In agreement with the derivation above,MWL ∝ TX for the whole sample,

with cool core clusters having a shallower slope and non cool core a steeper slope. The scatter

in the fit to the cool core clusters is less than that to the whole sample, or the non cool core
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Table 5.3: Best fit relation forMWL − TX ,LX ,LK for 18 clusters.

X All Clusters Cool Core Clusters Non Cool Core Clusters
A B A B A B

TX 0.86±0.32 13.25±0.25 0.51±0.24 13.51±0.18 1.02±0.54 13.12±0.44
TX [1.0] 13.14±0.04 [1.0] 13.15±0.05 [1.0] 13.13±0.06
LX 0.42±0.11 13.58±0.09 0.31±0.14 13.67±0.12 0.51±0.18 13.51±0.15
LX [0.4] 13.60±0.03 [0.4] 13.60±0.03 [0.4] 13.60±0.04
LK 0.36±0.12 13.79±0.05 0.27±0.13 13.84±0.05 0.54±0.23 13.70±0.10
LK [0.4] 13.78±0.03 [0.4] 13.80±0.03 [0.4] 13.76±0.04

Table 5.4: Best fit relation forMWL − TX ,LX ,LK whenoutlier A 2187 is excluded.

X All Clusters Cool Core Clusters Non Cool Core Clusters
A B A B A B

TX 0.78±0.27 13.32±0.21 0.51±0.24 13.51±0.18 0.85±0.43 13.28±0.34
LX 0.39±0.11 13.62±0.09 0.31±0.14 13.67±0.12 0.45±0.18 13.57±0.16
LK 0.37±0.10 13.80±0.05 0.27±0.13 13.84±0.05 0.51±0.20 13.73±0.09

clusters. When the slope is fixed to 1.0,the normalisation is consistant between the cool core

and non cool core subsamples.

The MWL − LX is also in agreement with the derived relation of 0.4. As with the mass-

temperature relation, the cool core clusters have a shallower slope and smaller scatter than the

full or non cool core cluster samples. When the slope is fixed to 0.4, the normalisations are

all consistant with each other between the subsamples. TheMWL − LK relation for the complete

sample is also consistant with 0.4. Again, the cool core cluster subsample has a shallower slope

and smaller scatter. Removing the cluster with the lowest mass, A 2187, as an outlier, makes

little difference to the results, and all properties are consistent with the results from the original

sample within the errors (Table. 5.4) The main result from these relations is thatLK andLX trend

with mass in the same way.
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Figure 5.1: Top:MW L(< 250kpc) versusTX with a free fitted slope (left) and slope fixed to 1 (right). Blue circles
denote clusters with cool cores, red squares denote clusters without cool cores. The solid black line gives the fit
to whole sample, blue dashed line to the cool core clusters, red dot-dash line to the non cool core clusters. The
intrinsic scatter is given as error bars on each fitted relation. Middle:MWL(< 250kpc) versusLX , same as before.
Bottom: MWL(< 250kpc) versusLK , same as before.
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5.3 Substructure Fraction Distribution

The substructure fraction is defined as the amount of mass not included in the BCG or in the

cluster scale DM halo associated with the BCG position, and has been related to formation

history and dynamical state. We compared our results with those from Richard et al. (2010)

(hereafter JR10), in order to determine whether cluster selection based on X-ray luminosity

probes the same underlying cluster population as cluster selection based on SL features. Of the

20 JR10 clusters, and 18 clusters discussed here, only 2 are coincident,Z 2701 andA0611.

The substructure fractions from our analysis are given in Table. 5.1, 5.2, and were generated

using the best fitLENSTOOL model parameters: the mass of the cluster within 250kpc was first

found using only the BCG magnitude scaled PIEMD and the cluster scale DM halo associated

with the BCG position, and then this quantity was used with the total cluster mass to determine

what fraction of the cluster mass was associated with substructures such as large scale DM

haloes in the multimodal models and the cluster galaxies (Eq. 5.7),

fsub =
Mtot(< 250kpc)− MBCG+DM0(< 250kpc)

Mtot(< 250kpc)
(5.7)

The substructure fractions from our analysis where compared with those from JR10 in Fig. 5.2,

in the form of the substructure fraction distribution (left) and cumulative distribution (right).

The maximum offset between the two samples in the cumulative distribution isD = 0.3722.

Using the two sample Kolmogorov-Smirnov test, the probability that these samples were drawn

from the same underlying cluster population isP = 0.110, implying that we can’t reject this

hypothesis with any significance. Thus theLX selected sample is drawn from the same un-

derlying cluster population than the cluster sample selected based on SL features. However,

while global properties are consistent between the two samples, the results for the two common

clusters, A 0611 and Z 2701, are in conflict. Our analysis suggests unimodal and bimodal DM

structures, with substructure fractions of 0.17±0.02 and 0.26±0.04, for A 0611 and Z 2701

respectively, where as JR10 finds substructure fractions of 0.10± 0.01 and 0.04± 0.02. The

low mass bias in our analysis could cause the substructure fraction to be mildly boosted, but
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Figure 5.2: Left: fsub distribution, with this analysis given by the solid histogram, and the results from JR10 given
by the dashed histogram. Right: Cumulative distribution offsub, with the same key as before.

the main source of contamination would be an increase in the contribution of the cluster galax-

ies, particularly the BCG. The result for Z 2701, however, is considerably different. A possible

explanation is that these substructure fractions were found from SL masses, and require the ob-

servation of strongly lensed background galaxies to constrain the cluster mass. While 4 images

were used to constrain the model for A 611, only 2 images were used to constrain the model

for Z 2701. The subhalo detected in the WL analysis we performed had no associated SL in the

JR10 analysis. As our substructure fraction is impacted by the inclusion of this subhalo in the

model, this highlights the importance of weak lens analysis for those clusters and substructures

in clusters that do not have SL images of galaxies.//

As in JR10, we sought to investigate the relationship between the substructure fraction, de-

fined as the the fraction of mass not included in the BCG or main cluster scale DM haloes,

and the slope of the gas profile,α. The comparison withα is in Fig. 5.3. The best fit slope

and normalisation for the relationlog10( fsub) = A + Bα, B = 1.28±0.53 andA = 0.19±0.43 are

consistant with JR10, who obtainedB = 1.15±0.22 andA = 0.09±0.12. Like JR10, our results

suggestα and fsub from WL are positively correlated, although the significance from this analy-

sis is only 2σ. This suggests that clusters without cool cores have higher substructure fractions,
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Figure 5.3:α versus fsub within an aperture of 250kpc. Blue circles denote cool core clusters, and red squares
denote non cool core clusters. The relation fit to this analysis is given by the solid black line, and the result from
JR10 by the dashed black line.

suggesting recent infall and merging history resulting in a high core substructure fraction dis-

rupts the cool core.

5.4 Offsets between Mass Peaks and BCG Centroids

TheLENSENT2 Maximum Entropy results provide a map of the surface mass density,κ, which

does not depend on a prior supplied by the IR light, as theLENSTOOL optimisations did. This

means we can use the peak of the mass distribution in these maps to constrain BCG-Mass off-

sets. The full derivation of the peak positions and their 2σclippedσstdv is given in § 4.1.3. The

mass peak offsets from the BCG and errors are summarised in Table. 5.1, 5.2. Fig. 5.4 shows

the DM peak position relative to the cluster BCG position, with the error bars showingσstdv.

Those with red error bars have positions consistant with the BCG position of (0,0).

The clusters with mass peaks consistant with the BCG position are A 2813, A 3084, AS 0592,

A 2537 and RXJ 1000.5. Only A 3084 was modelled with a single DM halo fixed on the BCG

position during theLENSTOOL analysis. The other four are bimodal, with a subhalo near the
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cluster core, and a halo on the BCG position. This bimodality is present, or indicated, in the

κ map in all four clusters, and is in agreement with the IR prior. Other bimodal clusters, such

as Z 2701 and the Bullet cluster, did not have peak positions consistant with the BCG position.

The placement of the multimodal clusters with mass peak positions consistent with the BCG

position, discussed above, in this disturbed subset and on the possible relation, suggests a more

appropriate comparison may be between the mass centroid offset, where the centre of the mass

is found as the average centre of theκ realisation, rather than theκ peak position.

The clusters that had significant offsets between the peak of the non parameterised projected

mass distribution and the BCG position included most of those clusters that were modelled by

a single halo fixed on the BCG position during the parameterisedLENSTOOL modelling, would

could imply that the use of an IR prior, and assuming light so closely follows mass, may limit

the information on the DM distribution in the parameterised modelling. However, this included

clusters that, when the structure maps from the two lensing analysis, X-ray and luminosity data

were compared, appeared undisturbed, so these large offsets may be due to large uncertainties

in the non parameterised maps. The constraints from this analysis are not strong enough to

optimise the position as well as the velocity dispersion of the cluster scale DM haloes in the

parameterised analysis, so a deeper WL dataset may be required to study this fully.

The right panel of Fig. 5.4, plots the mass peak offset from the BCG against the offset be-

tween the X-ray centroid. Beyond an X-ray offset of 10− 15kpc, there appears to be a positive

correlation between the two offsets, although the large errors on the peak positions suggest it

would have a large scatter. It is also beyond this offset that the clusters are classed as disturbed.

It should be noted that while the magnitude of the mass and X-ray peak offsets from the BCG

position may be correlated, they may not be in the same direction. If the X-ray offset is large

and indicates the cluster is dynamically disturbed, then the infall into the core may result in the

BCG moving about the centre of the DM potential well, resulting in an offset between the BCG

and the peak of the DM mass distribution. While indicative of such an interesting result, the
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Figure 5.4: Left: Averaged peak positions for each cluster withrespect the BCG position (0,0), with errors gener-
ated from bootstrapped MC runs. The error bars are red when the mass peak position is consistant with the BCG
position. Right: Mass peak to BCG offset against X-ray centroid to BCG offset, with offsets inkpc. Again, those
clusters with mass peak positions consistant with zero have red error bars. In both figures blue circles denote cool
core clusters, red squares denote non cool core clusters. The vertical dashed line at 15kpc gives the disturbed
cluster X-ray offset cut.

constraints from this analysis are not strong enough to draw significant conclusions.

5.5 Summary

We performed a standardised and robust weak lens analysis on 21 X-ray luminous cluster cores

at redshifts between 0.15 and 0.3. This involved a non-parameterised analysisLENSENT2,

which provided initial mass maps and mass peak offsets from the BCG. We then used IR data

to construct a cluster galaxy based prior on the spatial distribution of the mass, and used these

to obtain the most probable parameterised models formLENSTOOL. We then compared the 2D

mass distributions from both WL methods with 2D maps of the X-ray surface brightness and

K-band luminosity density.

Comparisons of the maps for each cluster suggested the most probable models for cool core
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clusters were more commonly multimodal than the models for non cool core clusters. This

either suggests that cool core clusters are more likely to have significant substructure, or sub-

structures in cool core clusters are more likely to be reconstructed via the parameterised and

non parameterised methods used in this analysis, than the substructure in the non cool core

clusters. The latter conclusion suggests that multimodal cool core clusters may have simpler

substructure morphologies than non cool core clusters. However the small sample size means

that 3/7 = 42.9%+24.8
−22.3), and 4/11 = 36.4%+19.5

−16.5), giving 1σ errors. The difference between the

two subsamples is not significant, and would require a much larger sample size to constrain the

statistical errors.

Several clusters were identified not only as multimodal, but also as highly disturbed, with in-

teresting substructure in all maps, highlighting this analysis’ efficiency at identifying ’extreme’

clusters for future, indepth analysis.

We also investigated the mass-observable scaling relations. BothMWL − TX , MWL − LX fol-

lowed the relations predicted by theory, and the weak lens mass trends with K-band luminosity

in the same way as with X-ray luminosity. In all relations, cool core clusters appeared to follow

a shallower relation than non cool core clusters, although the slopes and normalisations between

the subsamples were consistent within the error.

The substructure fraction distribution matched that found in JR10, and suggested that the

SL selected clusters in JR10 were drawn from the same underlying cluster population as the

luminosity selected clusters in this sample. There was a weak, positive correlation betweenα

and fsub, another result consistent with JR10, suggesting a link between significantly clumpy

DM structure and the lack of a cool core in clusters.

The mass peak offset from the BCG was found using theLENSENT2 κ maps. Of the 18

clusters, 4 clusters with peak positions consistent with the BCG position were bimodal in most
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of the multi-wavlength maps, with the substructure modelled in both theκ and mass maps. The

mass peak offset from the BCG was also compared to the X-ray centroid offset. This compar-

ison was suggestive of a positive correlation, with the scatter noticeably decreasing for X-ray

offsets> 10− 15kpc. However the large errors on the mass peak offsets mean this would diffi-

cult to constrain with this dataset.



Chapter 6

Individual Cluster

Studies: A 3364 and

A 3192

This chapter describes the focussed analysis of two clusters, A 3364 and A 3192. The first,

A 3364, appears to have a large offset between the only halo in theLENSTOOL parameterised

model, and the BCG position. In order to constrain the error on this offset and investigate the

reliability of the parameterised and non-parameterised result, constraints from the literature on

the position of the mass subpeak in the Bullet Cluster is compared to the analysis of the same

peak, as described in this thesis, in order to determine the systematic error. It is concluded that,

in the case of A 3364, the non-parameterised mass peak position is consistant with the BCG

position, but when the underlying K-band luminosity distribution is used as a prior for the pa-

rameterised models, the constraints strongly prefer this offset position.

The second cluster, A 3192, was found to have a redshift of 0.42, which lay outside the

redshift range probed by LoCuSS. In studying this cluster apart from the main sample, it was

discovered that the likelihood cause of the confusion over the redshift of A 3192, previous

thought to be 0.1687, was due to a foreground galaxy group just outside the field of view. The

weak lens signal of this group is detectable in both the parameterised and non-parameterised

analysis of this cluster. The paper describing this discovery and the analysis is included in its

submitted form, and it is under peer review by Astrophysical Journal Letters.

183
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Figure 6.1: A 3364: left, luminosity density map, centred on theBCG position, with contours of 1,2,5×1013,1×
1014L⊙Mpc−2, and right, the smoothed X-ray emission, with logarithmically stepped contours.

6.1 A 3364: A New Cosmic Trainwreck?

A 3364 is a moderately X-ray bright (TX = 7.65keV) galaxy cluster atz = 0.1483, at the very

lower redshift limit of our sample. The maps of luminosity density and X-ray emission indicate

a bimodal cluster with some merger activity between the two main luminosity components, the

BCG and a bright subpeak to the NE (Fig. 6.1). A third major, dimmer, luminous subpeak

can be seen∼ 40′′ SW of the BCG, with dim X-ray emission extended in this direction. From

the distribution of the light and X-ray emitting gasses, it would be expected that the majority

of the Dark Matter signal would be associated with the BCG and Northern luminosity peak.

This follows from assuming that mass follows light, and that the DM, like the galaxies, acts as

collisionless particles during mergers. This conclusion is supported by observations of a very

famous merger, the Bullet Cluster (Clowe et al., 2004b) where a pass through of a galaxy group

through a cluster has resulted in the X-ray gas being shocked between two clumps consisting of

light and DM.
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Figure 6.2: A 3364: theLENSENT2 κ reconstruction, the contours denoting 2σand 3σlevels

However, the analysis of the weak shear signal withLENSENT2 andLENSTOOLsuggests this

is not the case (Fig. 6.2). The maximum entropy reconstruction fromLENSENT2, representing

theκ distribution, places the majority of the DM between the BCG and the dimmer luminosity

peak to the SW. The Bayesian statistics from theLENSTOOL analysis strongly supported all

mass being assigned to the subpeak SW of the BCG, withP(SW )/P(BCG) = 5.1×109. Models

solely featuring, or including, haloes on the BCG and Northern subpeak positions were soundly

rejected. If accurate, such a large offset between the peak of the DM mass and the main X-ray

and luminosity distributions may reflect a very complex cluster merger history, with possible

implications on the interplay between DM and baryons, and may imply that the DM is not fully

collisionless. To determine whether this result is reliable, I needed to obtain a reliable estimate

of the systematic error on the measurement of the DM peak.

The Bullet Cluster(1ES0657-558) is a famous example of the difference in behaviours of the

three major cluster components (gas, galaxies and DM) when a merger occurs. The X-ray emit-

ting gas interacts with itself and a shock front can clearly be seen in the X-ray emission map.
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The galaxies and DM act collisionless, remaining in their cluster and group concentrations.

Since discovery in 2002 (Markevitch et al., 2002), the Bullet Cluster has been studied in many

wavelengths. In 2004, Clowe et al. (2004b) (hereafter C04) performed a weak lensing analysis.

Utilising the Seitz & Schneider (1995) variant of the Kaiser and Squires method, C04 produced

non parameterised maps of the DM distribution and explored the constraints obtainable on the

subpeak position. In order to constrain the systematics in my method, I compared the best fit

positions and associated errors for the subpeak position, fromLENSTOOLandLENSENT2, to the

result in C04. The decision to model the subpeak was motivated by two reason: as constraints

on the subpeak, these systematics would be a conservative estimate of the systematics affect-

ing the fitted position of the main cluster halo, as in A 3364, and the C04 paper only produced

detailed position results for the subpeak, preventing me from exploring their constraints on the

BCG.

This chapter will summarise the results from the analysis of the Bullet Cluster and A 3364,

and then explore the constraints that can be obtained on the positions of peaks in the DM distri-

bution from bothLENSENT2 andLENSTOOL. After comparison with C04 I will draw conclu-

sions on the impact of systematics on the DM position measurements, and discuss the interesting

structure in A 3364.

6.1.1 Modelling

Fig. 6.3 shows the luminosity density, X-ray emission,LENSENT2 κ andLENSTOOLmass maps

for the Bullet Cluster, from § A. The bimodal configuration is clear in the light and weak lens-

ing reconstructions, while the X-ray emission is drawn out between the two peaks, with the

shock front (the ’bullet’) associated with the subpeak. The bimodalLENSTOOL model, with

main peak centre associated with the light peak SE of the BCG position, is more probable than

a single halo model by a factor ofP(2)/P(1) = 121.5, and more probable than a bimodal model

with the main cluster component fixed on the BCG position by a factor ofP(2)/P(BCG,2) = 5.6.
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Figure 6.3: Bullet Cluster: Top: left, luminosity density map,centred on the BCG position, with contours of
1,2,5×1013,1×1014L⊙Mpc−2, and right, the smoothed X-ray emission, with logarithmically stepped contours.
Bottom: left, theLENSENT2 κ reconstruction, the contours denoting 2σ,3σ levels, and right, theLENSTOOL mass
density model favoured by the Bayesian evidence, contours at (0.001, 0.002, 0.005, 0.01 ... 1)×1012M⊙Mpc−2.

The pipeline is capable of constraining the spatial distribution of DM. To quantify the offset

constraints, I need to optimise the peak position of the Dark Matter using my weak lensing data,

and compare it to a weak lensing result from the literature.

In C04, constraints on the peak position of the subpeak were found by simulating the faint

galaxy catalogues by random resampling of the original catalogue, and obtaining the peak po-

sition from each KS93 variant realisation. These positions were plotted to form a 2D map of

the sample distribution (see Figure 2. of C04), from which we obtained a subpeak position of

06 : 58 : 16.75,−55 : 56 : 35, or (156.59,22.10)′′ with respect to the BCG position (Table 6.1).
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The offset between this position and the best fit position fromLENSENT andLENSTOOL, com-

pared to the 1σerror on the peak position, is used as an estimate of the systematic error in my

analysis.

The DM subpeak position in theLENSENT2 κ reconstruction was chosen to be the pixel with

the highestκ value, restricted to a 60′′×60′′ box centred on the luminosity subpeak position,

and then this position refitted with theIRAF function PHOT. Constraints on this position were

found using a method analogous to C04. The faint galaxy catalogue was bootstrap resampled

1000 times andLENSENT used to reconstruct theκ map for each realisation of the catalog. The

DM subpeak position was found in the same way as the real DM subpeak position was found

in the original reconstruction. The sample distribution of peak positions around the luminos-

ity subpeak position (green point in plot) is given in Fig. 6.4. The subpeak and position from

LENSENT2 is listed in Table 6.1. This is offset by (4.50,8.45)′′ compared to the result from C04.

The offset compared to the 1σerror, 4.50
12.00 = 0.38, 8.45

20.51 = 0.41 suggests the systematic error in the

analysis of the subpeak position is∼ 40% of the statistical error. Thus we concluded that the

systematic error in the same analysis on the position of the main cluster DM peak position of

A 3364 would be, at most, 40% of the statistical error, assuming the constraints on the position

of a massive primary cluster component stronger than those on a subpeak.

An independent analysis using parameterized models was performed usingLENSTOOL. A

bimodal model was fitted to data smoothed with the modal smoothing scale from the fixed posi-

tion analysis,σg = 90kpc. The positions from the Bayesian sample file,∼ 55 thousand samples,

are plotted in Fig. 6.5. The peak position chosen was the optimum output, based on theχ2
red

value of the sample, and is given in Table 6.1. These constraints were much poorer than those

from LENSENT2, possibly due to the parameterised nature of theLENSTOOL model, which

would have had to take into account the artefacts seen in theLENSENT map. However, within

the 1σconfidence limits, the two results are consistant with each other. When compared to the

CL04 constraints, theLENSTOOL result falls just short of being consistant within 1σerrors.
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Figure 6.4: Bullet Cluster: Peak positions from 1000 bootstrappedLENSENTrealisations. The green point denotes
the position of the luminous subpeak, the blue point denotes the C04 subpeak position with errors, and the red
point gives theLENSENT2 peak position in theκ map generated using the original catalogue. The 68%, 95% and
98% confidence limits are given by the solid black, dashed red and dot dashed green contours respectively.

A similar analysis was performed for A 3364. The weak shear analysis suggested a uni-

modal model was preferred, with the centre of the mass distribution strongly offset from the

BCG position. TheLENSENT2 results are recorded in Table 6.2, and the sample distribution is

given in Fig. 6.6. Assuming systematic errors of 40% of the statistical error,±(19.93,17.65)′′stat ±

(7.97,7.06)′′syst . Within the combined 1σstatistical and systematic error, this result is consistant

Table 6.1:BulletCluster: subpeak positions and errors

Source Subpeak Position 68% limits
α δ α δ

[′′] [ ′′] [ ′′] [′′]

Clowe 156.59 22.10 ±20 ±10
LENSENT2 161.09 30.55 +7.99,−9.47 +20.19,−19.47
LENSTOOL 161.39 56.79 +25.38,−31.01 +21.64,−22.64
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Figure 6.5:BulletCluster: distribution of x-y samples from the bimodalLENSTOOL position andσ0 optimisation,
with σgauss = 90kpc. The 68%, 95% and 98% confidence limits are given by the solid black, dashed red and dot
dashed green contours respectively.

with the BCG position at (0,0) at the very edge of the 68% limits, although theκ map clearly

favours placing the majority of the DM distribution south of the BCG position.

The LENSTOOL position analysis also places the majority of the mass south of the BCG

position (Table 6.2). The tighter constraints in thisLENSTOOL fit, compared to the constraints

on the Bullet Cluster subpeak position, is likely due to the position being fitted being that of the

main mass component of the cluster. TheLENSENT2 map suggested the mass distribution was

rather flat. In order to test the implications of a flatter distribution, the models with fixed halo

positions and the 90kpc unimodal position optimisation were both rerun with the core radius

doubled,rcore = 75kpc torcore = 150kpc, however changing the core radius did not change the

spatial configuration of the mass distribution: the results fromrcore = 75kpc andrcore = 150kpc

are consistant with each other, and neither are consistant with the BCG position.
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Figure 6.6:A3364: Peak positions from 1000 bootstrappedLENSENT realisations,FWHM = 100kpc. The 68%,
95% and 98% confidence limits are given by the solid black, dashed red and dot dashed green contours respectively.

Figure 6.7: A 3364: distribution of x-y samples from the unimodalLENSTOOLposition andσ0 optimisation, with
σgauss = 90kpc. The 68%, 95% and 98% confidence limits are given by the solid black, dashed red and dot dashed
green contours respectively.
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Table 6.2:A3364: peak positions and errors

Source Subpeak Position 68% limits
α δ α δ

[′′] [ ′′] [ ′′] [′′]

LENSENT2 3.77 −24.75 +19.13,−20.73 +20.17,−15.13
LENSTOOL 42.66 −32.06 +7.29,−9.58 +7.91,−7.82

6.1.2 Summary and Discussion

A 3364is a non cool core cluster (Table. 5.1, 5.2) with three prominent luminous components

on a NE-SW axis, with the BCG in the middle. The X-ray emission is centred between the NE

peak and the BCG, and has extended, faint emission encompassing the lower, dimmer luminous

peak. The WL mass reconstructions, both parameterised and unparameterised, suggest the bulk

of the DM mass is associated with the SW luminous subpeak, and not with the brighter BCG

and NE luminous subpeak.

By comparison of the results for the subpeak of the Bullet Cluster with a similar analysis

in CL04, systematics in the DM peak position fromLENSENT were estimated to be 40% of the

statistical error. This is a conservative estimate, as the peak constraints on the BCG would be

stronger than those on a subpeak. A 3364 appears to have a well constrained faint galaxy shear

catalogue, with a> 3σ tangential shear signal and cross components consistent with zero within

1σ. The Bullet Cluster also has a well constrained cross shear component, although the shear

signal within the annulus chosen is just 2.4σdue to shear signal interference from the mass sub-

peak. Both clusters have average stellar residual ellipticities consistent with zero, suggesting

the PSF correction was successful for both clusters. A 3364 lies at the lower edge of the redshift

range of this study, whereas the Bullet Cluster is one of the more distant clusters in the study,

however, the comparable PSF correction and low systematics in the shear signal suggests we

can use the result on the subpeak of the Bullet Cluster as a conservative indicator of the position

systematics in our analysis. Taking into account this systematic error the DM peak position
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from LENSENT2 for A3364 is just consistent with the BCG position. However, the probability

of this position from theLENSTOOL modelling,P(SW )/P(BCG) = 5.1×109 suggests that even

though the data is not good enough to distinguish between a halo centred on the BCG or not in

flexible models such as the unparameterised analysis, when alternative priors are invoked based

on NIR data, and the model is parameterised with physically motivated haloes, the data strongly

supports the SW position.

The mass to light ratios within 50kpc for the BCG, NE subpeak and SW subpeak posi-

tions are 11.22± 3.19, 8.70± 2.14 and 20.36± 6.19 respectively at the optimum smoothing

scale, 60kpc and 9.55±2.46, 7.88±1.71, 16.49±4.70 at the common smoothing scale 90kpc.

Based on the averageMWL/MX = 0.5 for the final sample at the common smoothing scale,

and assumingMWL should be equal toMX , a corrected set of mass to light ratios becomes

19.10±4.92,15.76±3.42 and 32.98±9.40 respectively. TheMWL/LK ratio of the SW peak is

consistant with (Kneib et al., 2003), however the BCG subpeak and SW subpeakMWL/LK are

undermassive at∼ 4σ.

A 3364 has also been observed with XMM-Newton, from which we present theTX map

(Fig. 6.8 (priv.comm.Y.Zhang). In this map we note two arc like structures adjacent to the

NE and SW subpeaks in the K-band luminosity density map. The feature in the N is cold,

kT = 5.88±0.19, with regions above and below of 6.6±0.28 and 6.02±0.2− 6.5±0.24 re-

spectively. The feature in the SW is hot,kT = 7.58±0.32, and is significantly hotter compared

to the regions immediately above (kT= 6.54±0.24) and below (kT= 6.27±0.23). This could

represent sloshing, as the dynamical activity in the cluster core seen in theTX map is on a similar

scale to that seen at other wavelengths. However it is hard to constrain the presence of a pos-

sible shock in the SW and a cold front in the N withXMM resolution and shallowChandra data.

Underluminous ’dark haloes’ are a rising topic of interest in studies of complex mergers

(Mahdavi et al., 2007; Merten et al., 2011). Given the likelihood that the offset in this cluster
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Figure 6.8: A 3364: Temperature map,kT , from XMM-Newton observations. The lighter regions correspond to
higher temperatures. The luminosity density is overlaid in red contours. The ACS field of view is overlaid in blue.
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significant, deeper optical data with multiple filters could greatly contribute to providing better

constrained maps of the DM structure. Deeper X-ray observations are also required to study the

disturbed ICM and the relationship of the hot and cold features with the underlying mass and

luminosity distributions.A3364 is an example of an ’extrema’ cluster cheaply identified by this

lensing pipeline usingHST SNAPSHOT data, the weak lens analysis necessary to identify the

anomalously offset and overmassive subpeak to the SW. The later indepth study of this cluster,

and clusters like it, has the potential to improve our understanding of the interplay between

baryons and DM.

6.2 Disentangling A 3192 from RXC J0358

6.2.1 Introduction

Early1 galaxy cluster searches identified clusters as over-densities of galaxies on photographic

plates (Abell, 1958; Abell et al., 1989), and have stimulated a rich legacy of cosmological and

astrophysical research. The reliability of these catalogs is limited by the projection of multiple

galaxy systems along the line-of-sight (Lucey, 1983, see also Ebeling et al. 1995). The impor-

tance of enhanced cluster discovery methods is therefore now well-established. Such methods

include color-selection of the red-sequence of early-type galaxies (e.g. Gladders & Yee, 2000)

and large-scale X-ray surveys (e.g. Ebeling et al., 1998, 2000; Böhringer et al., 2004a; Lloyd-

Davies et al., 2010), both of which help to overcome projection effects.

The redshift of clusters atz ∼> 0.3 can be under-estimated due to the greater availabil-

ity of spectroscopic identifications of galaxies at lower redshifts, and the absence of all-sky

optical/near-infrared photometry of sufficient depth. For example, MACS J1149.5+2223 atz =

0.54 (Ebeling et al., 2007; Smith et al., 2009) was originally identified atz = 0.176 (Böhringer

et al., 2000). Such misidentifications raise the question of whether the low redshift “interloper”

1Thefollowing section has been submitted as a letter to Astrophysical Journal Letters, and is undergoing peer
review.
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galaxies are isolated, or reside in a galaxy group or cluster. In the latter case, the rich multi-

wavelength datasets available on galaxy clusters, including weak-lensing observations, creates

the possibility of obtaining new and unexpected constraints on the masses of galaxy groups.

Reliable mass measurements of galaxy groups are of great interest because they would help

to test the reliability of mass-observable scaling relations down to∼< 1013M⊙. However such

measurements are challenging due to the relatively low contrast of galaxy groups over the lo-

cal density field. Previous gravitational lensing studies of groups have therefore measured the

mean group properties based on stacked analysis (Hoekstra et al., 2003; Mandelbaum et al.,

2006; Leauthaud et al., 2010). However, Limousin et al. (2009) successfully detected a weak-

lensing signal from 6 strong-lensing-selected groups, encouraging renewed effort to measure

the mass of individual groups.

In this letter we present a joint weak-lensing/near-infrared study of Abell 3192 (hereafter

A 3192). This optically-selected cluster (Abell et al., 1989) has been associated with galaxies

spectroscopically identified atz = 0.168 (Way et al., 2005), and with RXC J0358.8−2955 (here-

after RXC J0358), an X-ray luminous cluster 2 arcmin East of the optical position (Böhringer

et al., 2004a). Most recently, RXC J0358 has been added to the MACS cluster sample at

z = 0.425 (Ebeling et al., 2010). The interpretation of Abell et al.’s original optical cluster iden-

tification is therefore ambiguous. Specifically, what are the relative contributions of the galaxy

systems atz = 0.168 andz = 0.425 to the total mass and luminosity along this line-of-sight? We

combineHubble Space Telescope (HST) and ground-based near-infrared observations to answer

this question.

In §2 we describe the observations and initial data analysis; §3 details the structural analysis

and results, including gravitational lens models; our results are summarized in §4. We assume

H0 = 70kms−1Mpc−1, ΩM = 0.3 andΩΛ = 0.7; in this cosmology 1′′ corresponds to 2.87kpc and

5.57kpc atz = 0.168 andz = 0.425 respectively. Galactic extinction towards A 3192 is negligible
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(Schlegel et al., 1998). All magnitudes are calibrated to Vega.

6.2.2 Observations and Analysis

Optical Data

A 3192 was observed as part of the Local Cluster Substructure Survey (LoCuSS2) through the

F606W filter (hereafterV606) with the Advanced Camera for Surveys (ACS) on-boardHST3 on

December 19, 2006 (PID:10881; PI: G. P. Smith). The observation was centered on a bright

galaxy at 03h58m54s, −29◦55′31′′ (J2000), i.e. 54′′ East of the X-ray position of RXC J0358

(Böhringer et al., 2004a), and 3.4′ South East of the optical position of A 3192 (Abell et al.,

1989). The total observation of 1.2 ksec was split into three with a shift of 0.3′′ between each

exposure. The data were reduced in a standard manner usingMULTIDRIZZLE (Koekemoer et al.,

2002) onto a final pixel scale of 0.03′′/pixel. Visual inspection of the reduced data (Fig. 6.9)

reveals that the bright galaxy at the center of the frame is surrounded by a diffuse envelope of

light and is coincident with the peak of the X-ray emission from RXC J0358 (see Figure 6 of

Ebeling et al., 2010). We therefore interpret this galaxy as the brightest cluster galaxy (BCG) of

RXC J0358. A pair of bright elliptical galaxies lie 41′′ South West of the BCG, suggesting that

the cluster core may have a bi-modal structure. This is supported by the identification of two

candidate triply-imaged background galaxies between the BCG and this galaxy pair – A1 and

A2 in Fig. 6.9. This interpretation is based on the mirror symmetry in the morphology of both

A1.1/A1.2 and A2.1/A2.2. Confirmation of our identification of A1.3 and A2.3 will require

spectroscopy and/or detailed strong-lens modeling, both of which are beyond the scope of this

study.

2http://www.sr.bham.ac.uk/locuss
3Based in part on observations with the NASA/ESAHubble Space Telescope obtained at the Space Telescope

Science Institute, which is operated by the Association of Universities for Research in Astronomy, Inc., under
NASA contract NAS5-26555.
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Figure 6.9: LEFT – HST/ACSV606 observation centered on the BCG of RXC J0358 (black circle) 54′′ East of the
X-ray position from Böhringer et al. (2004a, black square). Two candidate triply-imaged galaxies are marked by
blue and red circles. North is up and East is left. RIGHT – Zooms into the candidate triply-imaged background
galaxies identified at left.



CHAPTER 6. INDIVIDUAL CLUSTER STUDIES: A 3364 AND A 3192 199

The reduced ACS frame was analyzed with SEXTRACTOR (Bertin & Arnouts, 1996), ex-

tracting sources subtending> 5 contiguous pixels at 1.5σ/pixel above the local background,

corresponding toµ606 = 23.0 mag/arcsec2. After removing objects within 5′′ of the edge of

the frame, and adjacent to bright stars and their diffraction spikes, a total of 2630 sources re-

mained. This sample is complete down toV606≃ 26.5. We then usedIM 2SHAPE4 (Bridle et al.,

2002) to fit a double Gaussian model to 21 bright, isolated, and unsaturated stars drawn from

this photometric catalog. The results of these fits were used to construct a map of the spatial

variation of the ACS point spread function (PSF) across the observed field of view. The av-

erage residual stellar ellipticity after subtraction of the PSF model were consistent with zero:

〈ǫ1〉 = (6.4±8.7)×10−3, 〈ǫ2〉 = (−5.1±8.8)×10−3. We also selected a sample of 1474 faint

(V606 > 22) background galaxies, and fitted a single Gaussian model convolved with the PSF

map to each of these galaxies. Galaxies with well-defined shape measurements (δǫ< 0.15) that

subtend a minimum of two resolution elements were then retained for the weak-lensing analy-

sis. The final sample comprised 473 galaxies, equating to a number density of 42arcmin−2, the

faintest galaxies atV606 = 27.2.

This faint galaxy sample is well-matched to similar samples used to constrain the mass dis-

tribution in galaxy clusters atz ≃ 0.2 (e.g. Okabe et al., 2010b). In the lens models described

in §6.2.3 we therefore place the faint galaxies in a plane atzS = 1. Experiments withzS = 0.8

andzS = 1.2 confirmed that these redshift uncertainties are not a dominant source of error in

our results – they propagate to fractional uncertainties on best-fit model parameters of∼ 3−9%

in §6.2.3. We also anticipate uncertainties in our weak-lensing analysis from the selection of

background galaxies solely on apparent magnitude, which likely causes contamination by faint

cluster galaxies, and thus dilution of the weak-lensing signal (Broadhurst et al., 2005). Indeed,

the mass of X-ray luminous cluster cores may be under-estimated by a factor of∼ 2 if this

dilution is left uncorrected (Okabe et al., 2010b). Resolution of this issue requires multi-filter

weak-lensing observations. In the absence of such data we simply note that the projected masses

calculated in §6.2.3 may be under-estimated by a factor of 2. Our conclusions are insensitive to

4http://www.sarahbridle.net/im2shape/
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this uncertainty.

Near-infrared Data

A 3192 was also observed with ISPI on the CTIO Blanco 4-m telescope at Cerro Tololo Inter-

American Observatory5, in Febuary 2007 for 1020 seconds each in theJ- andK-bands. The

data were reduced using an automated pipeline ofIRAF tasks to dark subtract, flat-field, align

and co-add the individual frames. The astrometric and photometric calibration of the reduced

frames are good to root mean square precisions of 0.1′′ and 0.1mags respectively, based on

2MASS6 catalogs (Skrutskie et al., 2006). The reduced frames reach depths ofJ(3σ) = 21.8 and

K(3σ) = 20.3, measured in apertures of diameter twice the full width half maximum (FWHM)

of point sources: FWHM = 0.9′′ and 1.0′′ in theJ- andK-bands respectively. These frames were

analyzed individually with SEXTRACTOR, extracting sources subtending> 4 contiguous pixels

above 1.5σ/pixel; each pixel subtends 0.3′′. The merged near-infrared photometric catalog com-

prises 468 extended sources down toK = K⋆(z = 0.425)+ 2 = 18.54, all of which are detected

in theJ-band, and 149 of which are brighter thanK = K⋆(z = 0.168)+ 2 = 16.75, whereK⋆(z) is

derived from Lin et al. (2006).

6.2.3 Results

Near-infrared Luminosity Density

The (J−K) colors reveal two prominent “cluster red sequences” (Fig. 6.10), the colors of which

are consistent with early-type galaxies atz = 0.168 andz = 0.425 (King & Ellis, 1985). Here-

after we refer to galaxies with colors of 1< (J − K) < 1.4 and 1.4< (J − K) < 1.8 as blue and

5Basedin part on observations at the Cerro Tololo Inter-American Observatory, National Optical Astronomy
Observatory, which are operated by the Association of Universities for Research in Astronomy, under contract with
the National Science Foundation.

6This publication makes use of data products from the Two Micron All Sky Survey, which is a joint project of
the University of Massachusetts and the Infrared Processing and Analysis Center/California Institute of Technol-
ogy, funded by the National Aeronautics and Space Administration and the National Science Foundation.
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Figure 6.10: LEFT, TOP: (J −K)/K color-magnitude diagram for extended sources detected in the CTIO/ISPI data.
The red and blue points denote sources selected as lying in the red and blue peaks respectively in the histogram
below. The error bars show the mean photometric uncertainty as a function ofK-band magnitude, turning red at
δK > 0.1 orδ(J − K) > 0.3. LEFT, BOTTOM: Distribution of (J− K) colors of galaxies detected at a signal-to-noise
of σ ≥ 10. The blue and red portions of the histogram are defined at 1< (J − K) < 1.4 and 1.4 < (J − K) < 1.8
respectively. RIGHT: Multi-wavelength view of the 6′ × 6′ field centered on the BCG of RXC J0358, showing
as red and blue contours theK-band luminosity density of the red and blue galaxy populations selected from
the panels at left. The projected total mass distribution reconstructed from the weak-lensing signal measured in
the HST/ACS data is shown as the greyscale with white contours starting at 3σsignificance, and spaced at 1σ).
Black crosses mark the positions of galaxies with measured redshifts within 1000 kms−1 of z = 0.168. Orange
triangles mark the positions of the three group/cluster-scale dark matter halos included in theLENSTOOL model
of this cluster (§6.2.3). White and black circles mark the X-ray and optical positions of RXC J0358 and A 3192
respectively Böhringer et al. (2000); Abell et al. (1989)
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Figure 6.11:K-bandluminosity density profile of galaxies on the red sequence atz = 0.168 – i.e. blue galaxies
defined as 1< (J − K) < 1.4 in §6.2.3, down toK < K⋆ + 2 = 16.75. The profile is centered on the luminosity
density peak of the blue galaxies. The vertical dashed line marks the outer edge of the outermost bin that has full
coverage in our CTIO/ISPI data; the outermost bin has not been corrected for incomplete areal coverage. The data
points are plotted at the mean radius of the galaxies in each bin, and the horizontal error bars show the width of the
bins.

red galaxies respectively. Note that the near-infrared colors of galaxies at these redshifts are

relatively insensitive to spectral type, with Sdm galaxies being just∼ 0.3 magnitudes bluer than

E/S0 galaxies. Contamination of the blue (lower-redshift) galaxy sample by late-type galaxies

at z = 0.425 is therefore negligible.

The luminosity density of red galaxies is centered on the BCG and bright elliptical galaxies

in the core of RXC J0358. In contrast, the luminosity density of blue galaxies peaks on a bright

K = 12.91±0.02 (equivalent to 5.5L⋆K) galaxy known to be atz = 0.168. The totalK-band lu-

minosity of the blue galaxies down toK⋆ + 2 at z = 0.168 within an aperture of radius 250kpc

centered on this galaxy isLK = (2.0±0.2)×1012L⊙. To correct statistically for contamination

by non-members we applied the same selection function to randomly placed 250kpc apertures

in the UKIDSS/DXS observations of the SWIRE ELAIS N1 field (Lawrence et al., 2007; Ham-

bly et al., 2008), obtaining a corrected luminosity ofLK = (1.9± 0.3)× 1012L⊙. Following a

similar procedure we also estimate the background correctedK-band luminosity of the central

R < 250kpc of RXC J0358 to beLK = (6.6±1.0)×1012L⊙. Finally, we note that the luminos-

ity density of blue galaxies declines monotonically with projected distance from the brightest

galaxy, confirming that this is an extended galaxy system and not an approximately uniform
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sheet of galaxies (Fig. 6.11).

Abell et al. (1989) placed A 3192 in richness class 3. This classification requires revision in

the light of our results. We therefore use our near-infrared photometry to estimate the richness

of of the foreground group and RXC J0358 within the limits imposed by the solid-angle probed

by the CTIO/ISPI data, and correcting statistically for contamination as discussed above. The

resulting richness estimates ofR(< 750 kpc) = 35± 8 andR(< 1.5 Mpc) = 63± 15 place the

foreground group and RXC J0358 in richness classes 0 and 1 respectively.

Gravitational Lens Modeling

We now investigate the total mass distribution along the line-of-sight through A 3192. First, we

reconstructed the projected mass density distribution usingLENSENT27 – we refer the reader to

Bridle et al. (1998) and Marshall et al. (2002) for details of this algorithm. In brief, the mass dis-

tribution was reconstructed onto a 256×256 grid of pixels spanning twice theHST/ACS field

of view. The values of these pixels were constrained by the shapes of the background galaxies

selected in §6.2.2, with a Gaussian intrinsic correlation function (ICF) of FWHM= 40′′. This

ICF width (effectively the resolution of the resulting density map) yielded the highest Bayesian

evidence, and therefore the most appropriate representation of the mass distribution given the

data and choice of reconstruction grid. The resulting mass map is in excellent agreement with

the optical/near-infrared results (§§6.2.2 & 6.2.3), i.e. the mass distribution is elongated along

the axis that joins the BCG of RXC J0358 and the bright pair of elliptical galaxies to the South

West, and a second density peak coincides with the blue luminosity density peak to the North-

West, despite this peak lying outside the field of view of theHST/ACS observation (Fig. 6.10).

These two structures are detected at peak signal-to-noise ratios of 6.2 and 4.4 respectively.

Encouraged by these detections, we usedLENSTOOL8 (Jullo et al., 2007) to fit models that

7http://www.slac.stanford.edu/ pjm/lensent/
8http://www.oamp.fr/cosmology/lenstool/
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Table 6.3: Gravitational lens models

ID Nh Pr(Nh)
Pr(Nh=1)

χ2
red ∆α ∆δ Redshift σ0 MWL

a

(km/s) (1014M⊙)

A 1 1.0 0.9 0′′ 0′′ 0.425 810±50 1.2±0.1

B 2 1.5 0.9
0′′ 0′′ 0.425 710±90

1.2±0.2−24′′ −33′′ 0.425 430±150

C 2 10.2 0.9
0′′ 0′′ 0.425 820±50 1.2±0.1

−80′′ 101′′ 0.168 400±90 0.3±0.2

D 3 18.2 0.9
0′′ 0′′ 0.425 720±80

1.2±0.2−24′′ −33′′ 0.425 450±150
−80′′ 101′′ 0.168 400±90 0.3±0.2

a All masses are measured within an aperture of physical radius 250kpc, which corresponds to 87′′ and 45′′ when

placed atz = 0.168 andz = 0.425 respectively. The mass of RXC J0358 is measured within an aperture centered on

the BCG, and the mass of A 3192 is measured within an aperture centered on the peak of the luminosity density

map of blue galaxies in Fig. 6.10. These apertures do not overlap.

describe the mass distribution as a superposition of parametrized dark matter halos, aiming

to estimate the mass of each system. The first model comprises a single cluster-scale halo

centered on the BCG of RXC J0358 atz = 0.425. This halo (and all other halos discussed be-

low) is parameterized as a smoothly truncated pseudo isothermal elliptical mass distributions

(PIEMD) following Kneib et al. (1996), with core radius and truncation radius fixed at 75kpc

and 1000kpc respectively. This single-halo model fits the data well, with a best-fit central ve-

locity dispersion ofσ0 ≃ 800km/s (Model A in Table 6.3). We then added a second halo in the

core of RXC J0358, centered on the pair of elliptical galaxies 40′′ South West of the BCG. This

model (Model B in Table 6.3) is statistically indistinguishable from Model A. However, if the

second halo is centered on the blue luminosity density peak atz = 0.168, then the Bayesian evi-

dence of a 2-halo model is 10×greater than for the single halo model (Model C in Table 6.3).

Interestingly, in this model, the foreground (blue) galaxy system has a central velocity disper-

sion ofσ0 ≃ 400km/s and a total projected mass ofMWL(< 250kpc)≃ 3×1013M⊙ – i.e. a mass

comparable with galaxy groups. Model D includes all three of the halos discussed above, in an

attempt to describe both the bi-modal structure of RXC J0358 and the foreground galaxy group.

Among the models tried, this model maximizes the probability of the data (Table 6.3).
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We also added the candidate triply-imaged background galaxies, A1 and A2, as constraints

on Models A-D, with the redshifts of these galaxies as free parameters, with a prior of 0.4<

z < 5 on both. In this case, the probability of Model D exceeded that of all simpler models

by at least a factor of 1014. However, this model hasχ2
red = 2.4 and the redshifts of the triply-

imaged galaxies are not well-constrained:zA1 = 3.6±0.4 andzA2(2σ) ∼> 4.5. We therefore do

not explore the joint strong/weak-lensing constrained models further, except to say that they are

qualitatively consistent with the weak-lensing models. Spectroscopic confirmation of A1 and

A2 is essential to progress on these joint models.

In summary, the projected mass of the foreground galaxy group and RXC J0358 are esti-

mated to beMWL(< 250kpc)∼ (3+4
−2)× 1013M⊙ andMWL(< 250kpc) = (1.2+1.2

−0.2)× 1014M⊙ re-

spectively, where the positive error bar includes both statistical (this section) and systematic

(§6.2.2) errors. Combining these with theK-band luminosities from §6.2.3, we obtain total

mass-to-light ratios ofMWL/LK(< 250kpc) = (16+21
−11)M⊙/L⊙ and (17+17

−3 )M⊙/L⊙ respectively.

We also note that the mass of RXC J0358 is consistent with the typical mass of a strong-lensing

cluster core (Richard et al., 2010).

Cross-check with archivalChandra data

We use the REXCESS mass-LX relation (Pratt et al., 2009) to estimate the bolometric X-ray

luminosity of the foreground galaxy group, obtainingLX ∼ 6×1042 ergs−1. This is consistent

with an independent estimate ofLX ∼ 1042 − 1043 ergs−1 derived from our richness estimate

(§6.2.3) and Ledlow et al.’s (2003) richness-LX relation. These luminosities imply an X-ray

flux of ∼ 10−14−10−13 ergs−1 cm−2 atz = 0.168. A short (10ksec) observation of A 3192 is avail-

able in theChandra archive (ObsID: 11719). We therefore use our flux estimate to predict the

count rate in the 0.5− 7.0 keV band from the foreground group using WebPIMMS9, obtaining

∼< 6×10−3ctssec−1, assuming an APEC model with a temperature in the range 1− 3.4 keV and

9http://heasarc.nasa.gov/Tools/w3pimms.html
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an abundance of 0.4 solar. The predicted signal in the archival data is therefore∼< 60 counts

– i.e. faint, and difficult to detect, especially against the background of the X-ray bright clus-

ter RXC J0358. Nevertheless, we processed theChandra data usingCIAO v4.3, with CALDB

v4.3, following the methods described in Sanderson et al. (2009). There is no obvious extended

X-ray emission centered on the foreground group in these data. We therefore conclude that

the archivalChandra data are consistent with our interpretation of the foreground system as a

galaxy group atz = 0.168.

6.2.4 Summary

We have combined aHST/ACS snapshot observation with shallow near-infrared observations

from the Blanco 4-m telescope to disassemble the original optical identification of A 3192 into

the X-ray luminous cluster RXC J0358.8−2955 atz = 0.425 and a foreground galaxy group at

z = 0.168. We detect two red sequences of early-type galaxies within a 10′×10′ field of view

centered on RXC J0358. The galaxies associated with the redder of the two sequences are co-

located with RXC J0358, their color being consistent with the cluster redshift ofz = 0.425. In

contrast, the galaxies associated with the bluer of the two sequences are co-located with the

original optical position of A 3192, their color being consistent with the redshift ofz = 0.168

that was originally assigned to both A 3192 and RXC J0358. We therefore conclude that the

original Abell cluster is comprised of two galaxy systems in projection, one atz = 0.168, and

the other atz = 0.425 – i.e. RXC J0358.

We detect these two galaxy systems at 4.4σand 6.2σsignificance respectively in our weak-

lensing analysis of the ACS snapshot data. The former detection is particularly striking, as

the luminosity and mass peaks of the blue foreground system lie outside the field of view ob-

served with ACS. The Bayesian evidence of weak-lensing-constrained mass models that include

cluster/group-scale dark matter halos centered on both mass peaks exceed that of simpler mod-

els by a factor≥ 10. We also estimate the mass of these two systems within projected radii of
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250 kpc, obtainingMWL(z = 0.168)≃ 3×1013M⊙ andMWL(z = 0.425)≃ 1.2×1014M⊙. Com-

bining these estimates with our near-infrared photometry, we estimate that the mass-to-light

ratio of both isMWL/LK ≃ 20M⊙/L⊙, consistent with previous measurements in groups and

clusters (Kneib et al., 2003; Lin et al., 2006).

More broadly, our results highlight the important contributions that follow-up near-infrared

and weak-lensing observations can make to the interpretation of cluster surveys. It is well-

known that then2
e dependence of the X-ray emissivity of intracluster gas gives X-ray surveys

an important advantage in the discovery of massive clusters. Joint analysis of red sequences

detected in near-infrared photometry and the mass density structure revealed by gravitational

lensing observations is, however, critical to assigning galaxy systems projected along the same

line-of-sight the correct redshifts and masses. These issues will be highly relevant to future

cluster surveys includingeROSITA.



Chapter 7

Summary

Galaxyclusters are unique laboratories for the study of the interplay between baryons and DM,

and for constraining DM physics. Through the comparison of multiwavelength observations, it

is possible to relate the dynamics of the gas, galaxies and Dark Matter, and explore the evolu-

tionary history of structure formation in our Universe. However, each mass tracer, be it X-ray

temperature or total cluster luminosity, relies on simplifying assumptions, such as hydrostatic

equilibrium in X-ray analysis, or assuming mass follows light when using cluster luminosity.

Using the impact of the gravitional potential of the cluster on images of background galaxies to

measure the DM mass relies on gravitational physics, and avoids assumptions on the dynami-

cal state of the cluster. However, the DM mass is sensitive to projection effects, and different

modelling approaches require assumptions on the complexity of the underlying DM mass dis-

tribution, or external mass estimates to break the mass sheet degeneracy. In order to constrain

cluster physics, these assumptions must be tested, and various degeneracies broken, by combin-

ing multiwavelength observations.

Scaling relations can be used to determine cluster masses from observables such as X-ray

temperature and luminosity. Clusters lying on the same scaling relation can be assumed to

have similar formation histories, and dynamical state can be seen in the structural segregation

of scaling relations. Comparing different mass estimates from multiwavelength data can help

normalise these relations and compensate for the impact of the assumptions used to generate the

masses from different observables. Constraining scatter in scaling relations is also important for

cluster cosmology, as the cluster mass function can be used to derive cosmological parameters

such asω andσ8. Any scatter in the scaling relation used to obtain the cluster mass will translate

208
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into uncertainty on the fitted parameters.

Studies on individual, ’extreme’, clusters, are particular useful for determining how bary-

onic and DM interact. During cluster mergers, the differing behaviours of the galaxies, gas and

DM are more obvious, as the gas undergoes shocks and heating, while the galaxies and DM act

as collisionless particles. Mergers in the plane of the sky are particularly useful, as the offsets

between each component is simpler to constrain, and can be used to determine the collisional

cross section of the DM. On the other hand, some clusters undergoing multiple mergers appear

to have subhaloes that have been stripped of their DM or galaxies, suggesting DM is not as

collisionless as previously thought. These clusters provide a unique insight into the conflicting

behaviours of the cluster components, differences that may not be apparant in the undisturbed

distributions of relaxed clusters. However, these clusters are by their nature are very rare, and

usually only discovered serendipitously.

The best prospects for assembling large samples of ’extreme’ type clusters, obtaining rigor-

ous statistics on structural segregation in scaling relations and obtaining constraints on cosmo-

logical parameters from clusters lies in large scale surveys. Studying the clustering of galaxies

(baryonic acoustic oscillations, BAOs) and using weak lensing to constrain the DM structure of

the Universe are among the goals of several future surveys. PANSTARRS (Kaiser et al., 2010),

although aimed at detection and tracking of potential near earth hazards, will be repeatedly sur-

veying large parts of the sky in multiple colour bands, lending itself to the study of Dark Energy

via galaxy cluster WL. Both the Large Synoptic Survey Telescope (Ivezic et al., 2008) and the

Dark Energy Survey (DES) (Flaugher, 2005; Sánchez & the Des collaboration, 2010) camera

aim to survey thousands of square degrees of the southern sky, and among other goals use visible

and near Infra-Red imaging to study Dark Energy, again via a combination of BAO and weak

lens tomography. DES expects to image around 300 million galaxies, and provides constraints

on the geometry of the Universe. EUCLID (Laureijs et al., 2010) is a proposed ESA space tele-

scope, to perform a large scale survey of galaxies and clusters up toz ∼ 2. The 20,000 square
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degree wide field survey would allow for the study of the evolution of cosmic structures and

Dark Energy. This telescope has been specifically optimised for weak lensing and BAO probes

of DE. These future surveys are going to provide immense data volumes that will require years

of analysis and processing time. Thus it is necessary to develop analysis pipelines capable of

quickly processing and catagorising galaxy and cluster observations in order to generate sub-

samples for indepth study, and identify extrema that will impact any constraints obtained on

Dark Energy.

This thesis aimed to explore the above goals by reconstructing the 2D spatial mass distri-

butions of 19/21 cluster cores using weak lens analysis ofHST:ACS SNAPSHOT observations,

providing a quick and efficient method of obtaining initial science products from large clus-

ter samples. The analysis involved reduction of the observations, correction of the PSF, con-

struction of faint galaxy catalogues, analysis of the IR data and construction of cluster galaxy

catalogues and a prior for the DM halo position, modelling using parameterised and non param-

eterised methods, and generation of projected WL masses and 2D maps of the projected mass

distribution, X-ray surface brightness and IR luminosity density. The 2D spatial distributions

and properties of the luminosity, gas and DM components of each cluster were then compared

to determine the dynamical state and recent infall history of each cluster.

In § 4 we obtained constraints on the DM substructure complexity and spatial distribution

using parameterised and non parameterised WL reconstruction methods. These included con-

straints on the offset between the peak of the mass distribution and the BCG, and mass substruc-

ture fractions, both indicators of assembly history in clusters. The analysis was more successful

at constraining the spatial distribution of mass in the cluster core than the total mass itself. When

the weak lens mass from the most likelyLENSTOOL model, with individually optimised faint

galaxy catalogue smoothing scales, was compared to the X-ray mass and X-ray temperature,

there appeared to be a varying low mass bias across the sample. This bias appeared to be-

come more consistent when the faint galaxy catalogues for each cluster were smoothed with the
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same scale, indicating that the bias was due to the smoothing method. Models of cluster galaxy

contamination of the faint galaxy catalogue were used to assess the possible impact of only se-

lection faint galaxies using the magnitude in a single filter. Even in the most extreme model of

the shear signal being diluted by a factor of a half, it was concluded that possible cluster galaxy

contamination could not account for the entirety of the low mass bias. Thus the bias in the weak

lens masses obtained in this analysis is believed to primarily an artifact of the smoothing of

the faint galaxy shear catalogues. Assuming that by using a constant smoothing scale, the bias

impacts each faint galaxy catalogue in the same way, we further assumed that this would only

impact the normalisation of trends in the mass-observable scaling relations. This has allowed

us to use these masses to explore segregation in such relations between cool core and non cool

core clusters. However, these assumptions have yet to be tested with more rigorous analysis,

something that would be applied in future refinements of the weak lens reconstruction pipeline,

and thus the conclusions drawn from the scaling relation analysis should be treated with caution.

Comparison of multi-wavelength results for each the cluster individually in § 5 suggested

that substructure in cool core clusters was more likely to be detected and constrained by the

WL methods than substructure in the non cool core clusters, possibly due to cool core cluster

substructure having simpler morphologies. The majority of the clusters in this sample are dis-

turbed, based on their X-ray centroid-BCG offsets, and this analysis identified several ’extreme’

clusters that could provide constraints on DM physics should they be studied with deeper X-

ray and optical observations. Such identifications are necessary for larger scale surveys where

populations of severly disturbed clusters, with properties strongly divergent from the expected

scaling relations, could impact the generalised results obtained on the nature of Dark Energy.

The slope of theMWL − TX andMWL − TX relations are consistent with theory, while the WL

mass appears to trend with K-band luminosity as it does with the X-ray luminosity. The cool

core clusters appeared to follow a shallower relation with less scatter in each case, although

the segregation in the mass-observable scaling relations is not significant. Comparison of the
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substructure fraction distribution with JR10 suggests that the X-ray luminosity selected cluster

sample is drawn from the same underlying cluster population as the SL selected cluster sam-

ple. Our fit to the positive correlation between the logged slope of the gas density,α, and mass

substructure fraction, is consistent with the result in JR10, albeit at a lower significance of 2σ.

Finally, we discussed the offset between the mass distribution and the BCG, and found that

beyond an X-ray centroid to BCG offset 10−15kpc there was a positive correlation between the

mass and X-ray offsets, however the large errors on the peak position of the DM mass distribu-

tion from LENSENT means that such a relation could not be constrained using the results of this

analysis, 4/5 of clusters with mass peak positions consistent with the BCG position had bimodal

mass distributions in their cores, suggesting a better comparison would use the mass centroid

position. We conclude that the constraints on position fromLENSENTand on the weak lens mass

from LENSTOOLare not very strong, and would benefit from improvements not only to the anal-

ysis pipeline, such as reviewing the shear catalogue smoothing, but also to the underlying data

set, as colour data would allow for the construction of an uncontaminated weak shear catalogue.

Two clusters were selected for in depth analysis. The mass distribution for A 3364, which

exhibited a disturbed X-ray morphology focused on the BCG and a bright peak in the lumi-

nosity to the NE, was found to be primarily associated with a dimmer galaxy subpeak in the

SW, a result conclusively supported by the Bayesian statistics of the IR prior motivated models

(§ 6.1). Comparison of constraints on the Bullet Cluster mass subpeak position with the liter-

ature conservatively suggested that the non parameterised analysis of A 3364 was not able to

significantly confirm such an offset. However when alternative priors are invoked based on NIR

or X-ray data, the data strongly supports the SW position, demonstrating the important of the

inclusion of multi-wavelength data in this analysis. In A 3192, a foreground group outside the

ACS field of view is detected via bothLENSENT2 andLENSTOOL WL analysis (§ 6.2). The

analysis of the shear signal in this observation demonstrated the ability of the WL pipeline to

reconstruct the DM distribution on a large range of mass scales. Both of these clusters will be

the subjects of short papers, with the paper on A 3192 already submitted for review.
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7.1 Future Prospects

The work in this thesis has great potential for future refinement and improvement. Within the

pipeline itself, the IR priors on DM halo positions would benefit from an automated cluster

galaxy Red Sequence fitting and extraction, possibly with the addition of cluster galaxy red-

shifts from spectroscopy, while aperture mass densitometry could be used to provide a weak

lens prior for the parameterised modelling. Multi-filter SNAPSHOT observations would reduce

the impact of cluster contamination in the faint galaxy shear catalogues, resulting in tighter con-

straints on the weak lens masses, while the PSF models and CTE corrections of Rhodes et al.

(2007) could reduce the instrument induced error in the shear. The smoothing algorithm used to

prepare the faint galaxy catalogues for the parameterised modelling is clearly biasing the mass

low, and future work will be performed to identify the cause of this and remove this systematic

error. Finally, the interpretation of cluster structure formation history from the galaxy, gas and

DM map comparison would benefit from other multiwavelength data, such as spectroscopy to

better interpret the dynamics in projection, and better references to the literature.

Additionally, this analysis has focussed on obtaining a significant shear signal for weak lens

analysis from shallow, noisy data. Such an approach is ideally placed to take advantage of the

masses of archival data from not only the Hubble Space Telescope, but also imaging data from

ground based telescopes, which can also achieve the 20− 40 galaxies per square arcminute of

the SNAPSHOT data. A large scale analysis of archival data would allow for the identification

of cluster samples suited to probing different science goals, such as mergers or cooling flows

in relaxed systems. As the Hubble Space Telescope comes to the end of it’s operating life, and

with financial concerns over the future of the James Webb Telescope, such streamlined samples

would have an advantage in proposals competing for ever more valuable telescope time.

This thesis has the described the multi-wavelength analysis of 21 cluster cores, and the
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efforts to constrain the DM distribution using a combination of lensing methods and multi-

wavelength priors. We have successfully modelled the spatial structure for 19 of these clusters,

and drawn conclusions on their thermal assembly histories. Despite a low mass bias in the re-

constructed WL masses we have explored segregation in the mass-observable scaling relations,

and confirmed that our results agree with the theoretical models. We have found that mass

structural properties such as substructure are correlated to X-ray profile and distribution offset.

In depth studies have demonstrated the ability of this thesis work to constrain the spatial mass

distribution of cluster to group scale structures, efficiently identify ’extreme’ clusters for future

study that can provide insight into the physics of DM. Finally, the work described here has po-

tential applications to the analysis of large scale survey products, in order to quickly catagorise

clusters for subsample studies and aid in the research to constrain the geometry of our Universe,

Dark Matter and Dark Energy.
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Appendix

A

Multiwavelength

Structur e Maps

The figures in this Appendix compare the spatial distributions of the K-band luminosity (top

left), X-ray surface brightness (top right), non parameterisedκ reconstruction (bottom right) and

parameterised weak lens mass model (bottom right), and are the result of the analysis described

in § 3.4.1, § 3.4.2, § 4.1 and § 4.2.
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Figure A.1: A2813: Top: left, K-band luminosity density map, centred on the BCG position, with contours of
1,2,5×1013, 1×1014L⊙Mpc−2, and right, the smoothed X-ray emission, with logarithmically stepped contours at
surface brightnesses of 0.001,0.002,0.005,0.01,0.02,0.05 and so on, to highlight the structure in the map. Bottom:
left, the LENSENT2 κ reconstruction, the contours denoting 2σ,3σ,4σ... levels, and right, theLENSTOOL mass
density model favoured by the Bayesian evidence, contours at (0.001, 0.002, 0.005, 0.01...1)×1012M⊙Mpc−2.
North is up the page, and East to the left. These details apply to all cluster plots in this section.
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Figure A.2:A0141:as forA2813. The bottom left map of theLENSTOOLreconstructed mass is blank as the model
failed to support any significant mass distributions in this region.
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Figure A.3:A2895
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Figure A.4:RXCJ 0220.9− 3829
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Figure A.5:A0368
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Figure A.6:A3084
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Figure A.7:A3088
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Figure A.8:RXCJ 0331.1− 2100
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Figure A.9:A3140
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Figure A.10:A3192: X-ray, κ and lenstool as forA2813, however in the luminosity map, blue and red contours
represent (0.2, 0.5, 1, 2, 5)×1013 and 1×1014 solar luminosities for the foreground group and background cluster
galaxy populations respectively. The X-ray map for this cluster is a ROSAT archival image.
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Figure A.11:A3292
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Figure A.12:RXCJ 0528.2− 2942
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Figure A.13:A3364
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Figure A.14:AS0592
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Figure A.15: 1ES0657− 558
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Figure A.16:A0611
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Figure A.17:A0781
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Figure A.18:Z 2701
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Figure A.19:RXJ 1000.5+ 4409. Theκ contours in this example begin at 3σ.
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Figure A.20:A2187
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Figure A.21:A2537


