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Resumo

Nesta dissertacio de mestrado estudamos a relagdo entre as propriedades fisicas de grupos ou aglomerados de galdxias e o intervalo
de magnitudes entre a galdxia central e galdxias satélites brilhantes. Para isto, utilizamos dados do levantamento CFHT Stripe-
82, em conjunto com o catdlogo de aglomerados redMaPPer, que utiliza dados do levantamento SDSS DR8. Com isto, temos
1502 sistemas e mais de 4 milhoes de galdxias. Aplicamos a técnica de lentes gravitacionais fracas para obtermos a massa e a
concentracio de perfis radiais através da combinagio de muitos sistemas como se fosse um Gnico, na técnica conhecida como
empilhamento (Zacking). Os sistemas foram divididos em pilhas de acordo com redshift e riqueza e entio, destes grupos,
em intervalos de magnitude AM;_5(4) grandes, médios e pequenos. Calculamos uma estimativa para o cisalhamento (shear)
médio em intervalos de raio logaritmicamente espacados. Fazendo o uso de um modelo parametrizado da distribuicio radial de
massa, investigamos os posteriores dos parimetros através de um método de MCMC. Comparamos os resultados obtidos e nao
encontramos evidéncias significativas de que os sistemas com maiores intervalos de magnitude (fésseis ou quase-fosseis) tém, em

média, concentracoes maiores, conforme indicado na literatura.






Abstract

We study the relationship between the physical properties of groups and clusters of galaxies and the magnitude gap between the central
galaxy and bright satellites. In this work we use data from the CFHT Stripe-82 Survey, together with the redMaPPer cluster catalogue, based
on SDSS DRS8. We apply cross-correlation weak lensing analysis on stacks defined by placing systems into redshift and richness bins, and
then subdividing these into larger, average and smaller magnitude gap (AM;_5) ensembles. We calculate estimators for the mean shear in
logarithmically spaced radial bins. Using a parametric model for the mass distribution, we probe the posterior distribution of the parameters
using a MCMC method. We compare the obtained results and do not find evidence that systems with larger magnitude gaps correlate with
larger concentrations, as indicated by literature.
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Part I

Theory






1
Introduction

THE ROLE OF SYSTEMS OF GALAXIES, in both the

massive clusters and in small groups, is becoming increasingly
important in many fields of astrophysics. As some of the greatest
gravitationally bound strutures in the universe, they play a
fundamental role both in testing new theories of gravity [Jain

et al., 2013] and cosmology [Weinberg et al., 2013]. As enormous
dynamical struétures made mostly of Dark Matter, they can be
used as "natural particle accelerators” in the case of merging
clusters, testing possible dark matter self-interaction properties
[Kahlhoefer et al., 2014]. In galactic astronomy, they provide
insights into the evolution of galaxies [Dressler, 1984] and,
through gravitational lensing, become natural telescopes to
galaxies that would remain unseen with current technology [Zitrin
etal., 2015, Tanvir et al., 2009]. In this context, the present work
investigates properties of a particular subset of groups and clusters,
those in which the central galaxy seems to be an overly dominant
component in the central region of the system. The most extreme
of those systems, usually called "fossils" are oftentimes thought

to represent a relatively undisturbed sample of the structures in
the universe - if that is the case, they could prove to be peculiarly
interesting, as they would carry valuable information about the
overall background evolution and conditions in earlier times in
the universe. To carry out this investigation, we have measured
the masses and radial mass distributions of galaxy systems through
weak gravitational lensing and, together with photometric data,
we have compared the magnitude gap - that is, the difference in
magnitudes between the central galaxy (CG) and the brightest or
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! To understand the relutance of the author
in calling the theory as "General Relativiry”,

please refer to:

V. Fock. The Theory of Space, Time and
Gravitation. Elsevier Science, 1955/2015.
ISBN 9781483184906

third brightest galaxy in the central region except for the CG -
to the measured quantities and derived observables such as mass
concentration and mass-to-luminosity ratios to search for any
scaling relations.

The role of this work is, however, two-fold: as a masters' thesis,
it must and will summarise the last two years work on the project
and its results. Additionally, as a guide for future students, we will
try to present the contents in a useful, self-contained as possible
manner without turning it into a full scale review of the subjects
presented, which would diminish the focus of the work.

In the following setions, we establish a stage in which the
evolution of galaxies and galaxy systems take place. The second
chapter will deal with the fundamental aspeéts of the evolution,
dynamical properties and observables of galaxy clusters. The third
will discuss the main technique used, which is Weak Gravitational
Lensing. In the fourth chapter, we present the data used for our
investigation, and chapters 5 and 6 will contain the respective
results and discussion. Furthermore, a perspective outlook is

offered in the final chapter.
11 The Cosmological Scenario

As oF THIS WRITING a hundred years have passed since the
discovery of the cornerstone of modern cosmology, which is
Einstein's Theory of Gravity (ETG) '. It was only in the past
two decades, however, owing to the revolutionary role of modern
instrumentation - both in space and ground telescopes [Weinberg
etal., 2013] -, that Cosmology has bloomed into its current form.
ETG is a metric theory of gravity, that is, one in which the effeéts
of gravitation are explained as geometric properties of space-time.
The main heuristic argument (but not fundamental property
[Fock, 1955/2015]) of the theory is that a suitable change in
geometry can account for gravitational acceleration: free-falling
astronauts inside a space capsule, for example, cannot distinguish
their movement in a gravitational field or empty space, except for
minute tidal forces. Changes in geometry can be quantified as
changes in the measurement of distances in small ds lengths or,



more generally, by observing the change in parallel transport: in
Euclidean space, transporting continuously a vetor along a closed
trajeCtory maintaining its orientation locally will bring the vector
back to itself, with no change. The same is not true if the space is
curved. Tests of ETG, from its effefts on time and the bending of
light, to parallel transport of angular momentum [Everitt et al.,
2011, Will, 2014] have been tested extensively resulting in a
resounding success.

By requiring that the theory is a field theory solely on the metric
tensor® g,,,, with second order partial differential equations of
motion, it can be shown that we are lead almost uniquely to

1 8¢
R, — ggWR — ?Tuv — Ag,

where R, = R, ,° and R = R/, are the Ricci Tensor and scalar,
respectively, measuring the deviation of the volume of a geodesic

(1.1)

ball in the curved manifold. 7}, is the stress-energy(-momentum)
tensor, that is, the colle¢tion of 4-momentum fluxes p,, passing
through a surface of constant z,,, with p, v = 0,1, 2, 3 being the
usual time and space dimensions. These 16 equations * are then
non-linear, since the field equations propagate through the very
same space-time metric it governs.

In addition to the field equations, we must specify the
matter/energy content of the universe. To be useful, a
cosmological model should be easy to describe - that means it
should have symmetries or special properties that reduce the
complexity of the equations [Ellis and van Elst, 1999]. One such
usual choice for matter description is that of a mixture of fluids
with physically motivated equations of states. Let us then consider
a congruence of fluid particles world lines, having timelike 4-
velocities” u*u, = —1, under the effe&t of their own gravity. The
time derivative of any tensor is given by A = A.,u”. The motion
of fluid particles can then be divided into distinct effects as °:

* expansion/contraltions of volume, which are given by
divergences of u*, as 0 := u¢,,

e distortions in shape without change of volume which are trace
free and orthogonal to u® which is defined by the symmetric
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2 The metric tensor contains the recipe

for measuring distances along lines, by

ds? = guvdaxtdx”, where we use the
conventional Einstein notation: any indices
repeated above and below are summed. So

3 3
guvdzHda” = Z Z guvdatda” .
pn=0v=0

P Riipy
the local deviation of the manifold from an

is the Riemann Tensor , quantifying

isometry of the Euclidean space.

410 of which will be linearly independent
only, as we require that the metric is

symmetric gy = Gup

>in ¢ = 1 units, which will help us make the
equations more understandable - we can then
return to [¢] = km - s~ with dimensional
analysis in the end.

¢G. E R. Ellis, R. Maartens, and M. A. H.
MacCallum. Relativistic Cosmology. March
2012
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tensor,

1

pv) gehw — U(uUy) ,

OMV = U(
where () = (Upy + Uyy) /2 and by = g — Uty

* rotation and vorticity, without change in shape which are anti-
symmetric and given by w,,, 1= ) — Uy, with up,,) =
(U — Usp) /2, and

e acceleration due to non-gravitational forces, like pressure
gradients, given by the time derivative of the 4-velocity 1, =
Uy’

'The covariant derivative of the 4-velocity can now be written as

Uy = Oy + Wy + §hNV + uuu, . (1.2)
The Riemann curvature tensor can be defined as:
Uy, gty — WUy, =1 R, (1.3)
Now, contracting the expression above with & = 3 and

multiplying by u*u” we have the scalar equation

v « v o W,V
0.,u — Uy = R, u'u”

which gives us the Ricci identity:

: 1
0 — il +2(0” —w?) + 502 = R, uf'u”, (1.4)

where 0 and w are the traces of their respective tensors. Now,
the stress-energy tensor of a perfect fluid in thermodynamic
equilibrium is given by:

T,uy = (P + %) Uy Uy +pg,u1/ ) (1.5)

where p is the matter energy density in the fluid and p is the
isotropic pressure, and the field equations can be rewritten as

[Hawking and Ellis, 1973]

1

RMV = K (TMV — ETgMV> — AQM”’
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where again 7T is the trace T and k = 87G/ct. Now,
contracting this with uu"”, using the perfect fluid stress-energy,
one finds

,  CR p
Ruu’ = == (p+353) = A,

which, using equation 1.4 we can write:

C4li

< 2 _ 2 P2 =" - ) —
0 U;a + 2(0’ w ) + 30 (,0-|— 302> A, (16)

which is the Raychaudhuri's Equation, which is essentially the
relativistic law of gravitational dynamics [Ellis, 2007]. In order
to proceed with our model, we consider the Cosmological ‘Principle
which states that our outlook of and place in the cosmos should
probably be a common one. More formally, that means that
the properties of the universe in a sufficiently large scale should
look the same for any observer at any particular point, and that
we expect that fundamental observers, i.e., imagined observers
which follow the local mean motion of matter, will experience
an equivalent history of the Universe. In this case, the distortion
in shape and the vorticity are zero. Now, if we at first consider
only gravitational interactions, u/;, = 0, these assumptions will
lead us to the Friedmann-Lemaitre model, with a Robertson-
Walker metric (FLRW) as we see next. In order to implement
the model, we can write the expansion as a function of the linear
scale expansion by:

_ (@) _La
0= d3l _Ba’

where a is a normalised linear scale factor [/l such that the
volume V scale as V' ~ [, Then, using 1.6 we arrive at:

C4I§J

g - _¢f (p+3£> A (1.7)
a 2 c?

The physical meaning of this acceleration equation is

straightforward: a change of rate of the expansion or contraction

of a small ball of radius [, relative to its size, is proportional to

minus the energy density plus (3 times ) the pressure, plus a

29
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7 Euclidean space is flat, simply conneéted
and infinite. A 3-torus is also (locally) flat,
but multiply conne&ed, finite and compa&.

constant. Since the scale a is defined as positive, if the constant
A is zero, the rate of expansion must be decreasing (or the rate
of contraction, increasing). Without the constant A, this is a
quantitative statement which states that gravity is attractive.

Now, it is clear that a static universe (@ = @ = 0) must have
A > 0, and therefore be unstable, because if we introduce a
perturbation [ — [ + d!l to a larger value, the matter density p
increases, while A stays constant. Then @ > 0 and the universe
expands to infinity. Similarly, | — 0l will implyind < 0
and the universe will collapse. So, the universe should be either
expanding or contracting, but not Static. From the first half of the
twentieth century and on, however, evidence that the universe
was expanding began accumulating [Slipher, 1917, Hubble, 1929,
Sandage, 1958].

Turning back to our argument, if we use the conservation
equation for fluids considering the expansion term, we have:

p+ (p + %) 0 =0
c
pa* + 3paa +3£2aa =0
N c
2paa+paa

(pa?) = —aa (p + 3%) : (1.8)

Then, multiplying equation 1.7 by aa, and substituting with
1.8 we finally arrive at

3a® — c*kpa® — Aa® = const. . (1.9)

This is the Friedmann equation, which governs the time
evolution of FLRW universes. The constant term in the right
hand side is a measure of the local curvature of space - that is, a 3-
dimensional equal-time slice of the 4-dimensional manifold. Due
to our assumption of homogeneity the curvature of space must be
the same everywhere. Therefore, aspects of the global geometry of
space-time can be constrained by its value. A positive curvature
("spherical”) everywhere will lead to a closed universe, whereas
for zero ("flat") or a negative ("hyperbolic") spatial curvature, the
topology can be either compact or infinite [Lachieze-Rey and
Luminet, 1995].”
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The Friedmann equation can be written in the most usual form
as

a\"_ _8&G A2 K (110)
a) ~ 3 VY 3 a?’ '

where K (not to be confused with k) is the constant of 1.9.
For any time-slice of the universe, K /a® will give the spatial
curvature.

If we choose a coordinate system in which any observer that
sees an isotropic universe has constant space coordinate values,
we can see that the left-hand side of the equation is the rate of
expansion at a time ¢ per unit distance. Since the distance from
an observer to an obje& is 1 = a(t)z, the rate of change in
the distance is * = az + at = (a/a)r + ai. Here, & can
be understood as a peculiar velocity of the objet relative to the
local isotropic frame and (@/a)r is the rate of recession of the
isotropic observer frame and the isotropic object frame. In fadt,
the quantity H (t) = (a/a) can be dire¢tly measured if we assume
that deviations from local mean motion should be randomly
distributed, and measure the rate of recession of distant objets.

12 The Standard Cosmological CModel

The above derivation gave us an equation to evaluate the dynamics
of the background evolution of the universe. To employ it, we
must now consider the contents making up the stress-energy
tensor, which will be defined as fluids with some physically
motivated equation of state (p = pw), and relate to present
values. The scale fattor a can be normalised to one at the present
time, and for further convenience, we will define the present value
of the Hubble fa&or H(t) as H(ty) := Hy, which is usually
represented as 100hkm -s~*- Mpc ™! where h, or sometimes k1 is
called the reduced Hubble constant. It is many times convenient
to calculate quantities in Hubble constant independent units to
compare results between different works.

For each type of content, the density can be written as a
funétion of cosmological time as [Weinberg, 2008]

P X g 3(1Fw) (1.11)
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8 Usually, the mass and radiation densities
can be further divided into physical
components:

Pm = Pc+ pb
pr = py +pv,
where pc is the density of Cold Dark
Matter, py, is the density of baryons, p~ is

the density of photons, and p,, is the density
of neutrinos.

For matter, dark or not, w = 0 and the density at a particular
slice of time can be written as p,;,(t) = pyn.0/a’ respetive to the
current py density. For radiation, we have w = 1/3 and then,
pr = py0/a* since not only the eletromagnetic field density
decreases but also the wavelengths (and hence photon energies)
are changed due to gravitational effeéts [Weinberg, 2008]. Finally,
we can, for A, define a density py := Ac?/a” which is constant.

The Friedmann equation is now, then:

_ 8nGp(t) K¢

H(t) it (1.12)
with®
p(t) = pr(t) + pm(t) + pa(t) -
If space curvature ' = 0 we have the critical density of the
universe at time ¢ given by:
2
o = 2 ). (1.13)

It is useful to redefine the densities of contents as a fraction of
the critical density, so that we can describe the contents of the
universe in density fractions, as the behaviour of the solution will
depend on these. For any frattion x we can define

Px(t)
Q. (t) = : (1.14)
X( pcm't(t)
Even then, if we define a present time "curvature density” as
Kc?
Qg = — Iz =1—=Qy — Q) =y, (1.15)

we can rewrite the Friedmann equation as a function of current
densities as:

Qe Q.
H*(t) = H}? <QA+§+¥+¥> : (1.16)
Since H®> = a/a, this is a first-order non-linear equation

on a(t), which can be solved algebraically for simple cases and
numerically in general.

Until now, we have not discussed the nature of the A fa&or in
the EFEs. There was no reason, at first, that the equations should



contain the constant A, but it also does not spoil "covariant
conservation”. * A can be understood either as a dynamical
property of empty space-time, as a part of the Einstein tensor
(the left hand side of 1.1) or a universal vacuum density, as a
part of the right-hand side. In this latter case, we can see that it
alls as a constant density uniform fluid with negative pressure
since pp oc a” implies that py = —ps /3. Also, through the
Raychaudhuri equation (specially, in its "Friedmann equation”
form), it is clear that A violates the Strong energy condition if the
universe is expanding acceleratingly, since ' /2(p + 3p/c*) — A <
0. The same is thought to happen in the earliest times, during
inflation, where the universe undergoes exponential expansion.
Recent experiments have been measuring the partial fractions
of Dark Energy (DE), Dark Matter (DM), Baryonic Matter with
increasing precision, arriving in a picture that is most consistent
with a universe ruled by ETG with zero curvature and dominated
by DE and DM [Smoot, 1999, Hinshaw et al., 2013, Planck
Collaboration et al., 2015]. These elements combine to form
the Standard Model of Cosmology, known as ACDM, a universe
dominated by Dark Energy(A) and Cold (that is, non-relativistic)
Dark Matter (CDM), which has been extremely successful in
explaining the stru¢ture and evolution of the cosmos. Baryonic
matter, the only fra&tion which currently has a micro-physical
description, contributes only with ~ 4% of the total energy
density. Some of the state-of-the-art measurements of the relevant
parameters are in table 1.1

Parameter WMAP9 Planck 2015 | Parameter Concordance
Qph? 0.02264(50)  0.02230(14) | Q, 0.3

Q.h? 0.1138(45)  0.1188(10)

Qn 0.721(25)  0.6911(62) | Q4 0.7

Ok —0.3715)  —0.05270) | Qx 0

H, 70.0(2.2) 67.26(98) H, 70

13 CMeasuring “Uery Large “Distances

It has been shown by [Ehlers et al., 1968] and generalised to
approximations by [Stoeger et al., 1995] that if all free falling
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9 Covariant conservation, that is

(1), =0

1

(R;Lu — *Rg;u/ + Agp,l/> =0

2 i
does not amount to energy or energy-
momentum conservation. Since energy is
defined as a scalar quantity that is conserved
as a result of the time-translational invariance
of the laws of physics, conservation of
energy must be defined along timelike veGtor
fields. Killing ve&tor fields are those who
satisfy the equation &, + &v; = 0,
and are the generator of symmetries of
the metric. While there are metrics which
have such timelike/null Killing fields, the
Robertson-Walker metric that arises from the
cosmological principle does not:

S. W. Hawking and G. E R. Ellis. Zhe
Large-scale Structure of Space-time. 1973;
and C. W. Misner, K. S. Thorne, and J. A.
Wheeler. Gravitation. 1973

Table 1.1: Measurements for

ACDM cosmology by current CMB
experiments.[Hinshaw et al., 2013, Planck
Collaboration et al., 2015] Other model
parameters suppressed for clarity
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10 This is a dire¢t consequence of the
Noether's theorem.[Noether, 1918]

observers observe nearly isotropic background radiation, then the
metric describing the background evolution of the largest scales is
the Robertson-Walker metric:

ds® = —cdt* + a?(t)dI?, (1.17)

where d/ is the line element of space, which can be written in
comoving spherical coordinates as

B dr?
1= K2

For photons, we can write without loss of generality a radial null

di? + r2d6? + r2sin 0dg? . (1.18)

geodesic as

dr?
1—kr’

Now, since the value of K72 can be absorbed into 72 with a

ds? = 0 = —c*dt* — a*(t)

(1.19)

change of coordinates, only 3 special values of K have physical

significance, namely {0, 1, —1}, representing flat, spherical

and hyperbolic geometries respectively. These cases will lead to

different mathematical analyses as we see in what follows.
Now, as 7 is a comoving coordinate, the total distance d,

is constant. The total length travelled by the photon can be

calculated then as

arcsind.  if(k = 1),

d, if(k = 0),

arcsinhd,. if(k = —1).
(1.20)

where t. is the time of emission and ¢y is the current age of the

/“Cit_/dc dr__
te a(t)_ 0 vl—kr2_

universe, in which a(ty) = 1. Since The physical distance between
comoving observers is d = a(t)d,, the current distance is equal
to the comoving distance - it will be less than that in the past, and
greater in the future.

Since the FLRW universe space is not time translation invariant,
the photon will not conserve its energy along the path. The
wavelength of the photon will be dire¢tly proportional to the
scale fator: A\g/A. = a(ty)/a(te) which is usually expressed as
the redshift 2 = 1/a(t.) — 1, which is the measured change in



frequency divided by the original frequency and can be directly
observed from discrete line spectra.

In terms of redshift, the Friedmann equation can be written, by
dire&t substitution of a — 1 + z as:

H(z) = Ho/Qp + (1 + 2)2 + Qu(1 4 2)3 + Q. (1 + 2)4
(1.21)

For a photon emitted at a time ¢, and observed at a time ¢,

the comoving distance between objects at redshifts 21, 22 can be
written, since H (2)dt = adz, as:

arcsin d.  ,or .
o dt
dc ,Or = C/ T)
a
arcsinh d,. fe
2 dz
=c
c [* dz
= — — 1.22
nl w0

where dg = HLO is called the Hubble horizon, or the radius of the
Hubble sphere. In terms of §2;, Hy and ¢, we can write then:

( 1 )
\/Q_kSln {\/Qikdgo(zl, 2’2)} ,0r

dc(21722) = — 4 dC,O(Zla 22) ,or |
1

\/msinh {\/ |Qk‘dc,0(zlv 22)i|
\

Neither physical nor comoving distances can be directly

(1.23)

measured, however. To do so, we must rely on standard rulers or
standard candles, by using relations that employ either angular
distances or the reduction in luminosity of distant objets. In
Euclidean space, the relations are d4 = 7/0, for an objet of

. . . me
known size r with an angular diameter # and d;, = 103 +

for an object of absolute magnitude M and apparent magnitude
m with d4 = d;, = d.. However, as a result of the curvature of
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space-time, these equalities do not hold in FLRW universes. The
angular distance between two different redshifts will be stretched
by the relative expansion between them:

as 1+Zl

dA(Z1,ZQ) - dc(zlazQ)a_l - dc('zl?ZQ)l + 2 ’

whereas luminosity distance, due to flux conservation, will be

(1.24)

related to the angular distance and the comoving distance by

[Ellis, 1971]:
dr(0,2) = (14 2)%d4(0, 2) = (1 + 2)d., (1.25)

which is the Etherington's reciprocity relation and is valid for any
pseudo-riemannian description of space-time, regardless of the
theory of gravity. These measures of distances in cosmology will
be necessary to not only determine the distance of clusters and
background objects for gravitational lensing latter in this work,
but also to calculate absolute magnitudes. Using the luminosity
distance, the difference between absolute and apparent magnitude
can be written as

DM = 5log [dr(2)10°Mpc ] (1.26)

14 ‘The ‘Big Bang

The expansion of space, when backwards extrapolated to very
early times will lead us to the idea that the universe was once
very hot and dense [Dodelson and Efstathiou, 2004]. In fact,
one can show that for small enough p, , the geodesics of our fluid
congruence will be incomplete in the time coordinate, in other
words, they cannot be extended beyond a certain proper-time
or afhine parameter. This is what is called a time-like singularity
in the past, in which the curvature diverges for all points of
space[Hawking and Penrose, 1970].

Either with or without singularities, it is now known that the
early universe was dense and hot. The main observations that
support this are:

e the Cosmic Microwave Background (CMB) [Smoot, 1999,
Hinshaw et al., 2013, Planck Collaboration et al., 2015], which
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is the relic thermal emission of matter,

e the abundance of primordial elements [Steigman, 2007] created
during the first minutes, and

* the observation of the near isotropic recession of distant objects
from small to very large redshifts (Hubble's Law) e.g. [Riess
et al., 1998].

Figure 1.1: The all sky measurements of

temperature deviations from the average of

The earliest phases of the Big Bang are still subjet to much the Cosmic Mictowave Background [Planck
speculation. Although the oldest relic from the beginning directly (ollboraion el 2013)
detected is the CMB at redshift z = 1108, ¢ ~ 380000 years,
confidence in ETG allows us to formulate models of evolution of
of much earlier times.

In most currently discussed models, the universe begins
as homogeneous quantum vacuum. At some point, a phase
transition caused the universe to enter an exponentially
accelerated expansion. Vacuum flutuations then, under the
rapid change of the underlying potential, became real particles
and density flutuations slightly deviating from the background

homogeneity. 11 1 ievirz'al pro}:es.seslar}lld most o}fl.the '
. underlying physical t eory at this p01nt are
As temperature, density and pressure decreased, the sill poorly understood, but are extensively
. . . discussed in literature [Baumann, 2009,
Electromagnetic and Weak interactions decoupled, and baryon Sakharov, 1991].

physics arose as currently understood in collider experiments.
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12 these two events are distin&, and in

a universe with different values for the
baryon-to-photon ratio and matter density,
recombination and photon decoupling
need not have occurred at the same
epoch.[Padmanabhan, 1993]

Further on, att = 10~%s, quarks condensed into hadrons.
Neutrinos decoupled at about 1s and between the first and third
minutes from the start, primordial nucleosynthesis created the
primordial elements [Alpher et al., 1948]

From the end of the inflation to 10* years, the dynamics of the
expansion are dominated by radiation content, because the a
term in the equation explodes. This is the radiation era and using
the Friedmann equation 1.9 with all other densities being zero, we
find that @ oc +/t. After equipartition Qn(teg) = Qlteg))
matter density became the dominant factor and expansion
accelerated to @ oc t?/?. The mean free path of the photon
was small, as they constantly scattered off the free ele¢trons and
protons of the hydrogen/helium plasma.

Eventually, the universe cooled to the point that the plasma
condensed into neutral atoms, an epoch called recombination.
Shortly after recombination, the photon mean free path became
larger than the Hubble length, and photons travelled freely
without intera&ting with matter. For this reason, recombination
is closely associated with the last scattering surface, which is
the name for the last time at which the photons in the cosmic
microwave background interacted with matter."

15 Evolution of the Large Scale Structure of the

Universe

Small deviations from homogeneity can be studied by assuming
a FLRW background and introducing local perturbations to the
density field. As in the earliest times, €2 is negligible, we consider

A = 0 for now. Deviations of a global average density can be
written as
1+ 4(7) :%, (1.27)

where ¢ is called the density contrast with respet to the
background average density p. For now, we will consider linear
perturbation, in which 6 < 1. Let us start with a simple case.
A region with an overdensity (%) of radius 7 < dp, in an
otherwise flat ACDM background, has a deviation in expansion



of 0 = 3H — 3H + 00. During matter domination and using
energy conservation 1.8 and the Raychaudhuri equation 1.6 for
dark matter only, as in the acceleration equation 1.7, leads to the
background equations at zeroth order and at first order to:

o+ g =0,
00 + 2Hy = —4AnGpo .

Eliminating dg we have then:
O+ 2HS — 4rGp,d =0, (1.28)

which is an equation that governs the evolution of local matter
overdensities 0 with background density p.

The introduction of perturbations directly to the equations of
motion as such is not actually compatible with ETG, but only
with the Newtonian limit [Ellis et al., 2012]. That this Newtonian
approximation works can be deceptively simple because its validity
depends on certain gauge issues (or, more precisely, on our ability
to write gauge-invariant gravitational potentials [Bardeen, 1980]
in ETG, which are presented in clear form by Peacock [2003] in
its seCtion 1.2. Rigorous approaches can be read on Ellis et al.
[2012] or Dodelson and Efstathiou [2004]

To work out some simple results, let us examine equation 1.28
by introducing the definition of §2,, so that we have

o+ 2HS — ngH%s —0. (1.29)

Using the scale factor for a matter-dominated universe, this
equation can be solved to 6(¢) = §,t%/% 4 6_t~ where 0.t*/3
is called the growing mode, since the density contrast with it
grows with time (and eventually, collapses into visible strutures).
The evolution of the density perturbations can be written by a
separation of variables as

5(7,t) = D4 (£)5(Z,0) (1.30)

where D is called the Growth Function and is given, in
the matter dominated era, as a fun&ion of the scale fa&or a
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Table 1.2: Sub-horizon sized matter
overdensities evolution with time in different

epochs.

by[Dodelson and Efstathiou, 2004]

[ /
D, (a) H(a)/o (af‘;ﬁ (1.31)
and can be used normalised to D, (1) = 1 for prattical
purposes. To account for radiation, which is not dominant
after equipartition but still relevant before recombination, the
argument can be completed with a change of variables from ¢
0y = a/aeq which together with the Friedmann equation

gives us the CWészaros equation [Meszaros, 1974, Dodelson and
Efstathiou, 2004]:

6// 2 + 3y / _ 3
2y(1+y)  2y(l1+y)
This equation has two closed analytic solutions, the growing
mode of which is §(y) = y + 2/3. Another mode is dominant

ify < 1, whichis 6 o Iny. In this case, which we can extend
to full radiation dominated era, and the latency in response of the

0=0. (1.32)

density contrast due to the rapid expansion is called the CAészaros
effect[Peacock, 2003] - a large overdensity (with size greater than
dpr) that had been growing, enters the Hubble horizon and
becomes nearly frozen (growing only logarithmically) before
matter domination arrives.

Era Q H(t) o(t)

Radiation O, QA =0 2% Cylnt

Matter Q.. QA ~0 % Cit?P+C tt
A 0,,, Q. ~ 0 A Oy + Che~2V51

For modes larger than the horizon df, Newtonian
approximation breaks down, and we have to return to the full field
equations. There are many ways to define covariant potentials,
analogues to the Newtonian potential ®. Following the path of
Dodelson and Efstathiou [2004] we can write:

3H (cb + H(I)) — 4nGap,0 [1 + %] . (1.33)

This equation can be solved in the potentials and yields constant
solutions for either matter domination or radiation domination,
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the latter being up to 10 times greater than the first [Dodelson
and Efstathiou, 2004]. In both cases, using known relations for H
and p we arrive at § o< a® for @ < ae; and § o a for a.y < a. In
essence, this shows that large modes will always grow.

Finally, to consider the effe¢t of baryons - which are only
relevant in sub-horizon evolution, since collisional effects are
local, equation 1.28 must be changed to include pressure. This
will result in

0+ 2H0 4 (V? — 47Gp,)0 = 0. (1.34)
where ¢; = /0p/0p is the sound speed of the baryon fluid.

This equation can be understood classically as  — [Pressure —
Gravity]d = 0, which is Newton's 2"? Law. The solutions

for equation 1.34 will depend on a particular scale, since the
gravitational forces of small overdensities cannot overcome the
pressure of the baryons. This is the Feans {ength and is expressed

as:

7

Fora A > \; the structure will collapse, otherwise it oscillates
due to pressure.

16 ‘The Role of Galaxies in Cosmology

At the end of the first stages of cosmic evolution, the
inhomogeneities contain the information that will shape the
observed large scale structure of the universe. This structure is
mostly isotropic and homogeneous in the largest scales, but its
configuration displays measurable statistical properties that can be
observed in the CMB, galaxy positions and clustering. It is clear
then that assessing this statistical information offers knowledge
about not only the objeéts themselves but about the universe and
the physical laws on the whole [Weinberg et al., 2013].

The universe we see at night, on the other hand, displays a rich
structure (Fig: 1.2), with field galaxies, groups, clusters and super-
clusters of galaxies, filaments and large empty voids. To compare
these observational results with the theory we use statistical
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X
N

Figure 1.2: Distribution of galaxies of the
2dF Galaxy Survey [Colless et al., 2001].

13 Simulations are, in essence, methods for
solving the differential equations to calculate
the theoretical predi&tions.

2dF Galaxy Redshift Survey Q

methods over populations of features in observations, such as
preferred scales in the CMB map, or number counts per interval
of cluster mass, among others [Weinberg et al., 2013, Lima and
Hu, 2005]. To make sense from the theory to observations,
simulations, even though based in Newtonian physics and
approximations for finite volumes, have been very successful to
reproduce these statistical features of the large scales[Springel
et al., 2005, Vogelsberger et al., 2014, Klypin et al., 2011]."7

Usually, one starts with the full-version perturbed EFEs together
with the Boltzmann equation for the evolution of the fluids up to
a certain redshift. Setting the initial conditions is problematic,
since current models based on ETG will definitely fail when
energy density reaches Planck-scale levels(about ¢t = 107%).In
these so called Einstein-Boltzmann solver codes, such as CAMB
[Lewis and Challinor, 2002] one sets initial conditions after
Inflation, using well-grounded assumptions.

The statistics of the density field is encoded by n-point
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correlation fun&ions.

§(r) = (0(2)0(7 + 7))

where () depends only on the distance between two points

(1.30)

due to the statistical homogeneity and isotropy.
The density contrast can be written as an inverse Fourier

transform
5( )_/ I 5oy (1.37)
x 27)? e :
So defining the power speltrum'*as
(0(k)6*(K)) = (2m)%0% (k — k) P(k) (1.39)

where 0%, is the “Dirac distribution, we can write the two-
point correlation funétion as the Fourier transform of the power

spe¢trum
d3k
5(7’) :/(271')3
sin(kr)

_ 1 2
= / dA* P (k)=

r

P(k)e*™
(1.40)

The most appealing reason to write the quantities in terms
of Fourier space variables is that due to translational invariance

Figure 1.3: A comparison between the
Bolshoi simulation and SDSS observation

of the nearby universe. Sources: Nina
McCurdy!University of California,

Santa Cruz; Ralf Kaehler and Risa
Wechsler/Stanford University; Sloan Digital
Sky Survey; Michael Busha/University of
Kurich

1 It is also usual to define also the
dimensionless quantity

k3 P(k)
A2 =
k 272

which measures power per logarithmic

(1.38)

scale.
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(which follows from homogeneity) we charalterise the statistics of
random fields as preferred scales, which readily show up in power
spectra.

Up to now, we have seen how the universe evolves and how this
stage is set for galaxies and galaxy clusters to ac. It is then time to

15 which is chara&erised by Ay, > 1 . . . .
’ move to non-linear scales of evolution”, where both simplified

models [Peebles, 1984, Zel'dovich, 1970] and simulations
[Kravtsov and Borgani, 2012] can be used, usually providing
complementary insights to understand the evolution of the

large scale structure. This final stage of collapse and formation of
structures will be studied in the next chapter, as it closely relates
to the dynamics and observables of galaxy systems, which is most
important to our application in this work.



2

‘Dynamics and Properties of Galaxy
Systems

THE PHYSICAL PROPERTIES OF GALAXY SYSTEMS are,
because of their complex configurations not only difficult to
resolve, but also convoluted. More than being an assemble of
"particle galaxies" bound by gravitational interattions, member
galaxies play an intricate dance, exchanging both matter content
and energy, with multiple mergers of galaxies at the centre and
accretion of other nearby formed associations. Feedback due

to collisional processes of baryonic matter and other nonlinear
physical processes, also contribute, with the gas and the star-
formation also playing significant roles on final observables'.

It is crucial to understand the relationships implicated by these
behaviours to correctly understand the landscape of galaxy system
observables and therefore we proceed first into their formation
history diretly from the previous chapter, and then, on to discuss
the role of the large-scale structure in their configurations. To

the end of this chapter, we assess the multiple probes of cluster
and group physics to place this work relative to the framework of
extragalactic astronomy and cosmology.

21 From Overdensities to Groups and Clusters

The linear theory of evolution of density perturbation breaks
down after at some point. We are then forced into using simpler
models for nonlinear evolution or, concomitantly, numerical
simulations [Kravtsov and Borgani, 2012]. Despite its apparent
oversimplification, an overdense sphere will is a very useful model,

' 2. Schneider. Extragalactic CAstronomy and
(Cosmology. 2006
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% it is not surprising that, at leading order
7 oc t2/3, which is just Einstein de-Sitter
universe, where r o< a o< t2/3

which behaves as a small closed universe with a modified matter
density due to the initial perturbation. Here, there is no need
for this perturbation to be uniform, as the Poisson's equation
guarantees that the evolution of any spherically symmetric
perturbation is the same[Peacock, 2003].

Far into the matter-dominated era, an overdense region can be
described then by a Friedman equation with a different, enhanced
local density, so that we can parametrise the solution by its
proper radius and time as functions of the development angle

¢ = Honv/<,, — 1, where 1) is the conformal time as [Gunn
and Gott, 1972]:

t(¢) = A(l — cos §)
r(¢) = B(¢ —sing), 2.1)

in which A and B are conneéted by A> = GM B?. Expanding
these relations to fifth order in ¢ gives r(¢) for small ¢ as:

A (613 1 /67
~o () o= (2
r(t) 2(3) 20(3)

Then, the density perturbation within the sphere will be

3 /6t
5~ o (E) . (2.3)

Now we can examine the properties of the solution by looking

(2.2)

at solutions with particular values for ¢:

» if ¢ = m, the radius is at maximum, and the overdensity
detaches itself from the background evolution and turns
around to collapse. At this point, the density contrast is 0y, =
97%/16 =~ 5.55. Using just linear theory, we would find that
Otrin ~ 1.06,

e at ¢ = 2m,r = 0, which is an idealisation of collapse. This
occurs when dqo 51 = (3/20)(127)%/3 ~ 1.686.

This idealisation, however, differs substantially from reality as
dissipation will act and convert the kinetic energy of collapse into
random motion. By using the virial theorem, we can postulate an
equilibrium at 7,;, = r4,./2, which occurs at ¢ = 37/2. By this



DYNAMICS AND PROPERTIES OF GALAXY SYSTEMS 47

time, the density will have increased by a factor of 2 while the
the background density will have decreased by a factor of 22, since
p o< a3 and a o< t*/3. The overdensity in the region will be

p

P
As a conservative threshold, a higher density contrast of A, =

=140pir =140 X8 x 4 178. (2.4)

200 is defined as the region inside collapsed systems. This defines
a truncation radius and the enclosed mass of a collapsed region as

_( 3Mano a
200 — (47I'Acﬁm) . (25)

Although the A, ~ 178 is a physically derived relation, the self-
similarity of the matter density profile makes the radius definition
somewhat arbitrary. By including the full ACDM it has been
shown that a more physically meaningful radius for virialised
systems is the one which has a contrast of A. ~ 330, which is
smaller than the 799y defined by A, = 200. Since most literature
still uses 200, it is useful to maintain it for comparing results,

although transformations are pretty straightforward [Johnston
et al., 2007] .

22 ‘The Role of Cosmology in Galaxy Systems

After the collapse, overdense regions tend asymptotically to virial
equilibrium, due to increase in entropy by dissipation. Smaller
objects form first and can merge into larger objets, that again, if
left undisturbed, tend to virialise. This charaéterises what is called
the hierarchical scenario of struéure evolution [Peebles, 1984].
Despite this complex landscape, dark matter particle simulations
have been shown to display a chara&eristic shape (fig 2.1) for
radial matter density distributions characterised by the logarithmic
slope steepening with increasing radius (e.g. Navarro et al. [1996],
Dubinski and Carlberg [1991]).

The density profiles obtained from simulations can be
parametrised in a variety of ways, one of the most commonly of

which is the NFW profile, given by:

4pg
pNEW(T) = P
(

TQL‘)Q’J;:T/TS’ (26)

ol

Log radiusry,

Figure 2.1: Results from simulations showing
the charaeristic steepening slope of dark
matter density profiles. Source: Navarro

et al. [1996]
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3 Other commonly listed profiles are the
Einasto profile, given by:

pi(r) = prowp | 2 (1= a%)] o= /.

and the BMO[Baltz et al., 2009] profile,
a modification of the NFW profile that
incorporates a polynomial, smooth,
truncation in outer regions

p (r) = _dps (L)n
BMO z(1+x)2 \1+y2 ’

where y = T‘/T’t is a new truncation
radius parameter and 7 is another truncation
parameter. This is not even remotely an
inclusive list of profile parametrisations, as
there are many others.

Figure 2.2: The complex, smooth,
distribution of matter after the growth of

structure in the universe can be understood
as an interpolation of spherically collapsed
halos. Source: Cooray and Sheth [2002]

where 7, is the chara&eristic radius, where the logarithm slope of
the radial density curve changes from —2 to —3 at a given scale
radius.’

The self-similar shape of radial density profiles has proven to
be very general, being virtually independent of the shape of the
power spetrum and background cosmology [Katz, 1991, Navarro
etal., 1997], a feature usually called universality. However, a
derivation from physical principles of this universal shape is still
an open problem.

The universality of density profiles suggests that a useful tool to
study the matter distribution in the universe is to substitute the
nearly smooth field of densities (or equivalently, density contrasts)
by a colletion of individual dark matter halos. In this ansatz, these
halos contain a// matter, and therefore the density distribution
is represented by an interpolation of halos scattered throughout
space[Cooray and Sheth, 2002]. This substitution from matter
distribution to halos is depicted in figure 2.2.

To characterise particular cosmological models then, either
simulations or simple models can be used to derive a predi¢tion
for the number density of collapsed halos of mass in an interval

[M, M + dM]. This is called the mass function, and is one of the
central probes of cosmology [Weinberg et al., 2013]. The mass
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funétion is important not only to investigate cosmological models,
as it is more sensitive than background evolution [Lima and Hu,
2005], but also important to quantify effects of the large scale
structure in the neighbourhood* of clusters, as we will see towards
the end of this section.

As a first ingredient to the mass function, we must define the
variance of the linear density contrast to our collapse threshold
J. in order to quantify the fraction of collapsed halos per mass.
For a given density contrast field §(Z) we can filter to halos
using a window fun&ion W (Z, R), normalised to unity to get a

smoothed field

§(Z; R) = /5W(:?:—|— 7' R)d*x . (2.7)

This filter defines an enclosed mass M := c;pR> where ¢;
is some constant used to normalise the filter. Now, in Fourier
space this convolution integral becomes a produ&t 6(k; R) =
(k)W (kR). Using then a top hat model for the filter, we can
write the filtered variance of the field as a fun&ion of filter radius

R as

aR_<52 — /dkk2 ))W(E,R)‘Q, (2.8)

where now W is specifically the transform of the top hat
function.’
If we then transform the into a mass scale by

1/3
R= (3M> : (2.10)

Amp,
where p. = P, is the density of the collapsed halo we

can use the mass variance 02(M) to calculate the mass funétion
as a function of density peak height relative to the variance

v = 6./c(M). The first statistical model for mass fun&ion was
developed by Press and Schechter [1974], in which the main
underlying idea is that the probability that 65, > 0. at a given
time is the equal to the frattion of mass contained in halos with
mass greater than M at that time. Using that the distribution

4 Scales from ~ 1Mpc/h to ~ 10Mpc/h

W(E, R):/d%W(z,R)e*i’?f
R

W(k,R) =

(k;)s [sin(kR) — (kR) cos(kR)]
2.9)
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of density perturbations is a Gaussian random field, the fraction
of flutuations above the threshold o, correspond to collapsed
regions and is given by

1 > 02 1 v
F(M)= W‘/& dd exp [_W] = Eerfc {51 :
(2.11)
where erfc(x) = 1 —erf(x) is the complementary error fun&ion.
This result is, however, problematic. Since lim, g erfc(z) = 1
and lim,_, erfc(x) = 0, this model predi&s that never more
than 1/2 of all matter in the universe is inside collapsed regions.
The fra&ion of dark matter in halos above M then must be
multiplied by an additional "fudge factor" of 2 in order to ensure
that every particle ends up as part of some halo with M > 0.
This is because underdense regions can be enclosed within larger
overdense regions, giving them a finite probability of being
included in some larger collapsed object.
Now, the number of halos with masses in the range [M, M +
d M| per comoving volume at a time ¢ n(M, t) can be written as
dn Y, dn

(Mot = 7 = Manai

(2.12)

Using the formalism idea that g—]@dM is equal to the frattion of
mass locked up in halos with masses in the range [M, M + dM]

we find that

_ pOF
n(M, t)dM = 7 =dM (2.13)

12
= 2 ———erfc {?] dM (2.14)
2

dM, (2.15)

which is the PS mass fun&tion.
If we rewrite the mass fun&tion as

dn _p__mdlna_1
dinM M dlnM

fv), (2.16)
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we can recognise that the multiplicity funition f(v) =
/2/mve 12 encodes the charaeristic shape of the Press-
Schechter mass fun&ion.
Further advancements have been made since this first model
and today, numerical simulations give us accurate estimates for
mass functions from specific cosmological models, using the
original PS multiplicity funtion as a guide for creating parametric
fun&ions which are then fitted to the simulations results, which
can in turn be compared to cluster counting in surveys [Tinker
et al., 2008] to test new cosmological models. ° ;Ze}:fl?&l:rwff ifsu;i;:é::i?eizha:vm e

The relationship between the density of collapsed halos is not

fo =a|(5) " +a] e

equivalent to the density distribution of matter, however. As it
(2.17)
can be seen in figure 2.3, the so called long-wavelength modes of

the density distribution interfere in spatial location, providing a

higher local average p,,, and thus enhancing the density of halos

with respet to the density of matter. For that reason, collapsed

objelts, be them galaxies, groups or clusters, are biased tracers of

the underlying matter distribution. In regions with a higher count

of objets, the underlying matter density distribution will have a

higher value than expeéted by a simple proportion as 9, o< 9y,

would suggest. This can be understood under the peak-background

split, which we develop succinétly below.

d

0=VOo

X

Figure 2.3: Regions with higher density
. . . . due to long modes tend to form more
At first order, we expect that this bias in measuring mass collapsed structures due o a higher local
average density, which influences the mass
distribution around clusters.Source: Peacock
[2003]
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7 Formally, 0y, is the density contrast of
collapsed halos of mass m at redshift z1
given a mass M in a comoving volume V" at

a redshift zp and is defined by

éh(mz Z1|M7 v, ZO) =
N(m7Z1|M7 ‘/»ZO)
n(m, z1)V

—1.

Table 2.1: Parameters of the bias equation as

a fun&ion of y = log(A)

distribution due to a particular tracer is a linear function
related to the height of the peak of the collapsed density
perturbation[Cooray and Sheth, 2002] .

For halos, if 9}, is the contrast of halo density” in a small region,
then:

(5m = bh(V)5h . (2.18)

A range with a higher local average density can be understood as
a perturbation such that the local collapse overdensity is reduced
as 0, = 0. — € so that now v = §' /o). If we then expand the
perturbed mass function 2.16 in a power series of € we will have
the number density modulated by

df
—(56, (219)

f=f-3

so that the bias will be directly related to the mass fun&tion as

c

B 1dlnf
br)=1- 5 diny’ (2.20)

Finally, from simulations for the Tinker mass function, large

scale bias is parametrised as
l/a
1-A——+ B4+ Cv°, (2.21)
v+ 48

where the values A,a,B,b,C, and c are given by table 2.1 .

Param.

A 14024y exp [—(4/y)*]

a 0.44y — 0.88

B 0.183

b 1.5

C 0.019 + 0.107y + 0.19 exp [—(4/y)*]
c 24

Now we can finally estimate the effect of clustering in distorting
the cluster mass radial profile due to presence of neighbouring
overdense regions. To do so, we first define the halo-mass
correlation funétion as

Epm (T, M, 2) = (0p(x) 0 (xz 4+ 1)), (2.22)
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that quantifies the excess matter density relative to the
background at a distance 7 from the centre of a halo of mass M
at a redshift z. Its natural estimator will be given then by

PNFW
M
ghm(ra M7 Z) = plh(?; 7 Z)

where we label b” and ¢7 the linear bias and the linear mass

+ b5 (M, )0, (r,2) . (2.23)

correlation fun&tion.
The projected mass density due to the halo and the large scale
structure can now be written as

X(r|M,z) = /dzép: /dzﬁmihm(r, M, z)

B /dzplh + ﬁmbL(Ma Z)éL(T7 Z)
= Yap(r) + Xon(r) (2.24)

where pyy, is the cluster profile own profile, called the 1-halo
term and poj, = ppb" (M, 2)€(r, 2) is the 2-halo term, that is, the
contribution to the profile due to neighbouring halos.

23 The Environment of Galaxy Systems

The environment inside clusters and groups of galaxies differ

For most of this se¢tion, we follow

substantially from the rest of the universe and that results in arguments from:
. P. Schneider. & lactic AH d
measurable effeéts not only on the aspeéts and types of galaxies Coommlogy. gt Bonomy 4

that populate these overdense regions, but also on the dynamics
of interaCtions between their contents. One first clear example of
these effects is that the mixture of galaxy types inside of clusters is
visibly different from the field: whereas about 70% of the galaxies
are spirals in the field, clusters are dominated by ellipticals (Fig.
2.4).

We then turn our attention some aspects that determine the
content and dynamics of galaxy clusters and groups, to help us
understand their nature and then proceed to rank their observable
quantities.

Galaxy clusters and groups are composed of matter in densities
from 50 to 200 the average density of the universe. They have
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Figure 2.4: The galaxy cluster Abell 2218

as imaged by Hubble, provides a display of
the charaleristic image of the environment
of galaxy clusters, as well as their effe&t not
only in the environment, but, as we will later
see, on the images of background galaxies.
The yellowish hue of elliptic galaxies and a
dominant ¢D central galaxy shows how the
galaxy population of galaxy clusters stand
apart from that of galaxies of the field. The
thin, distorted arcs are gravitationally lensed
images of background galaxies, that we

will see in chapter 3. Source: Image Credit:
NASA, ESA, and Fohan Richard (Caltech,
USA)

masses ranging from 10M, to 10"M, and typical radii of
around 1Mpc/h. Most of their matter content can be divided
into of 3 different components:

e galaxies, which, by comparing their luminosities and the typical
star populations, can only account for a tiny fration(~ 3%)
of the mass, but are one of the main probes of the mass
distribution, as they are expected to follow overall density, and
are readily visible to ground-based telescopes in optical.

e intracluster medium (ICM), composed mostly of a diffuse
plasma spread throughout the clusters, with very high
temperature (in the range between 107 and 10°K) and densities
of the order of 1072 particles/cm?. The ICM is detected by X-
ray thermal brehmsstrahlung emissions or by inverse Compton
scattering of the Cosmic Background Radiation, which is called

Sunyaev-Lel dovich Effe¢t (more on the next chapter).

* dark matter, which is indireétly inferred by the amount of mass
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measured that cannot be accounted for with stars and the ICM
and accounts for 80 —85% of the total, and can be quantified by
methods that investigate total mass through gravitational effets.

As clusters virialise they tend to appear more spherically
symmetric and to have higher number densities of galaxies
towards their centres. In these more relaxed clusters, the velocities
of galaxies around the centre of mass commonly display a
dispersion consistent to an isothermal distribution. In principle,
this indicates that clusters may have relaxed thermodynamically.
This, however, cannot be true, since two-body collisions of
galaxies inside clusters have negligible dynamical impact, since the
interaCtion time of the collision is small, due to the high velocity
of the galaxies. However, Lynden-Bell [1967] demonstrated
that large amplitude fluctuations in the gravitational field, as in
galaxy formation or collisions, can drive a quasi-relaxation process
that is much faster than the two-body relaxation time. * Once
the collapse of a cluster is complete, however, violent relaxation
becomes ineffective, and the process must continue only through
two-body interactions.

In another important effect shaping cluster environments,
Chandrasekhar [1943] showed that massive objects moving
through a a distribution of lighter objects will be dragged by an
alignment of these smaller ones behind it. This alignment, in
its turn, takes place exaltly because the larger object pulled (See
Fig. 2.5) Originally thought on the case of stars, this is readily
applicable to cluster galaxies, and can be roughly expressed as

dv M pv
—_— (X J—
dt 173

This effe&t is named dynamical friction. Being proportional to

(2.27)

the mass, it is thought to cause galaxies plunge inwards, with more
massive galaxies sinking into the cluster centre.

The observed galaxies in clusters and groups are strongly
correlated in colour. In colour-magnitude diagrams, they will
appear in a nearly horizontal line, called the red sequence. 'This
red sequence is populated by the elliptic galaxies, displaying a very
small scatter, and being very similar for every cluster at a given
redshift. The red sequence is a powerful tool to identify cluster

8 This violent relaxation time is given as

52
tvi = <W> (229

where ¢ is the energy per unit mass of the
system. Using the virial relation, it can be
shown that this time is of the order of the
crossing time tRy R teross A 1/\/@,
unlike in the case of two-body relaxation,
where

(2.26)

trelaz = teross

In N

which is much larger than the age of the
universe.

Figure 2.5: The principle of dynamical
frition. The gravitational field of a galaxy
of mass M and velocity U accelerates other
smaller galaxies to its track, which then a& as
a force pulling the massive galaxy backwards.

Source: [[ima Neto, 2014]
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Figure 2.6: A typical massive cD galaxy with
an a&ive nucleus, M87. (Source: Raniere

Menezes, IAG Telescope, OPD)

of galaxies because it is generally easier to measure colours than
redshifts of galaxies to assess their clustering. In addition, it can
be used to constrain the redshift of the cluster, as used in [Rykoft
et al., 2014] a red-sequence based cluster finding algorithm that is
used in this work, and will be explained in chapter 4.

Regular galaxy clusters also have very bright central galaxies,
normally called Brightest Cluster Galaxies, but here referred to as
central galaxies (CG) only, since we will have central galaxies that
are not the brightest in the system. Many of these central galaxies
are cD-type galaxies, giant elliptic galaxies that differ from the
rest of the elliptic population in several aspects. They have very
extended stellar envelopes, that may exceed R ~ 100hkpc and
have broader luminosity profiles. Many (from a fourth to half)
cD galaxies have multiple cores, which indicate recent merging
of other galaxies, in what is fancifully called galactic cannibalism
[Dubinski, 1998].

They also have larger axes roughly aligned to the same direCtion
of the overall galaxy distribution in the cluster and even with
respet to the larger scale structure, which cannot be attributed
to rotation [Carter and Metcalfe, 1980].

Overall, the innermost regions of galaxy clusters is special, as
the more extreme environment makes two-body collisions, that
as said before are negligible for typical galaxies in outer regions,
important. This argument, along with dynamical friction, are
the cornerstones of the last se¢tion of this chapter, where we talk
about fossil clusters, in which these processes are believed by some
(e.g. Ponman et al. [1994], Jones et al. [2003]) to have led to
overgrown central galaxies, in expense of their nearby, massive
companions.

Turning now to the gas content of clusters, the ICM is sparse,
but very hot, emitting brehmsstrahlung radiation on X-rays,
with luminosities of the order of Ly ~ 10%3 — 1045erg/ S
and constitute the greatest fraction of cluster baryons. Instead
galaxies, which are almost non-collisional, the gas shows stru¢ture
chara&eristic of fluid flows, specially when different clusters
collide, as in the famous Bullet cluster. The separation of gas
and dark matter profiles in these systems is today one of the most
pressing arguments against modified theories of gravity to account



DYNAMICS AND PROPERTIES OF GALAXY SYSTEMS 57

for the missing mass problem in galaxies and clusters [Clowe
et al., 2006], as well as helping constrain dark matter models
[Harvey et al., 2015].

Because the gas emits radiation with such an immense power,
it was expected that the gas would cool and flow towards the
centre of the cluster [Fabian, 1994, Croton et al., 2006]. These
cooling flows have been inferred in the form of sharp central peaks
in central emissivity, but they do not correspond to the total
expected cooldown. The leading hypothesis for the prevention
of massive cooling flows is the reheating of the gas due to the

? Adtive Galadtic Nuclei are though to be

feedbaCk prOVided by (/{c‘fz'ye gﬂlﬂﬁif 7\@116'161' (AGNS) .9 supermassive black-holes, which in turn are

another predi&tion of ETG, as we have
discussed in chapter 1.

Groups are the smaller systems of galaxy associations. They are
composed of a few galaxy of a few galaxies of luminosity L ~
L* (see the next se¢tion) and comprise slightly more than half of
nearby structures in the universe, being responsible for about 1%
of the luminosity density of the universe.

24 Observables of Galaxy Systems

The main features that are physically relevant for galaxy cluster
astrophysics are the total mass, total luminosity, and relaxation
status whereas for cosmology, the number counts of clusters
per mass interval is, as we have previously seen, of particular
importance. Unfortunately, except for luminosity, none of these
constitute a direct observable.

The charaterisation of cluster luminosity is given by its
distribution, which is can be described by the distribution
of galaxy counts per luminosity interval, or the luminosity

1% analogous to the mass function for whole
clusters

Sfunétion. The luminosity function of galaxies' do not differ
qualitatively from galaxies in the field to those in systems, and can
be represented by a Schechter fun&ion [Schechter, 1976], where

®(L)dL represents the number of galaxies in a luminosity interval

(L, L+ dL], as:

o (B) (L) (L) o

where L* is a charateristic Luminosity above which the number
of galaxies decreases exponentially, and ®* is the normalisation of
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the distribution. The luminosity funcion can also be written in
terms of magnitude as.

®(My) = (0.41n10)P*10%4 DAL= 5 exp (—10<M§—MA>)
(2.29)
where M), is the absolute magnitude of the galaxy at a filter
around the frequency .
The total luminosity of the cluster can be then calculated as

Ligt = / dL L®(L) = ®*L*T(2 + «) (2.30)
0

where I'(z) is the gamma fun&ion I'(z) := [~ ¢* e 'dt.

Masses of clusters can be charaterised by the radial density
distribution, as shown before. These masses must always be
measured by proxy, since they cannot be readily measured.
Fortunately, a range of mass proxies exist such as the temperature
of the intracluster medium plasma, displacement of the CMB
spe&trum due to the Sunyaev-Zel'dovich effe&t, luminosity and
richness, which is the number of galaxies in the cluster, the
velocity dispersion of member galaxies and finally, distortions of
background galaxies due to gravity, which will be studied in detail
on chapter 3. We briefly describe other mass proxies here to place
ourselves into that picture, and to draw some commentaries on
the application.

The temperature of the intracluster gas strongly correlates with
the total mass, because the depth of the gravitational potential
is related to the mean kinetic energy of the gas particles, if we
assume hydrostatic equilibrium. The mass enclosed inside a radius
7 is given as a function of the radial profiles of gas density and
temperature as

M(r) =

2
kgTr (dlnpg N dlnT) (2.31)

Gum, \ dr dr

where kp is the Boltzmann constant, ;1 /&~ 0.63 is the average
mass of gas particle per units of proton mass m,, and p, is the
density of the gas. In current prattice, a mass-temperature relation
is calibrated by weak lensing measurements to avoid lack of
accuracy due to simplified assumptions, which do not take into
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account a variety of other phenomena, such as the feedback due
to AGN’s in massive galaxies , that can bias the mass-temperature
relation significantly.

The ICM gas temperature itself can be measured by X-ray
speétroscopy, in space-based telescopes as Chandra and XMM-
Newton ' or through the observation of the Sunyaev-Zel'dovich ;ﬁ;ﬁ;f;ﬁﬁ;‘ig s
effect, as the inverse Compton scattering by the ICM electrons
pushes incoming CMB photons to higher energies. One of
the advantages of this method is that it can probe and find
clusters of galaxies to much greater distances, since the SZ effect
is independent of redshift (as the CMB is further behind any
structure in the universe). The gas is isothermal and is described
by a S-model, temperature of the ICM is related to the shift of the
CMB temperature and luminosity distance by

AT 4/3
CMB

where dL is the luminosity distance (Eq. 1.25). The velocity
dispersion of the galaxies galaxies provide another way to measure
the mass of a galaxy cluster. Using the virial theorem, one can
show that

31T Rgo?

M=""IC"
2G 7

(2.33)

where R ~ 1Mpc is the gravitational radius and o, is the
velocity dispersion, measured by comparing galaxy redshifts to the
cluster overall redshift.

Both gas temperature and velocity dispersion models assume
some sort of dynamical equilibrium. Another way to investigate
the mass distribution in clusters is through the observation of
the gravitational effets on the light of background galaxies. This
method is called gravitational lensing and will be discussed in
detail in the next chapter, as it will be put to use in part II.

The radial distribution of mass, galaxies, luminosity, and so on
can only be directly investigated in the plane of the observation,
not in the line of sight direCtion. Consequently, all quantities

59
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'2 missing, perhaps in the sense of missing an
explanation, since it is an excess, not a lack of
mass.

must be transformed to projected quantities as

+o0 +o0 d?“p(”r)
Y(R) = dzp(V/ R? + 22) = 2 —. (2.34
R B e R A
The projected mass density can also be written as a differential
mass density, which will be useful as it is directly observable by
lensing, as

AY(R) =%(r < R) — X(R) (2.35)
Where $(r < R) is the average density in a region inside R,
that is

R
_ 2mrdr:
Z(T<R):f0 7’(;"7" (T)
fo rdr

o R
= — by 2.
7 dr r¥(r) (2.36)

In practice, today, gravitational lensing is used to calibrate
scaling relations between either gas properties or luminosity to
cluster masses. Since the cost of diret spe&troscopy is prohibitive,
this allows us to study a greater number of systems to use in the
determination of the mass function.

The measurement of luminosity and masses are also combined
as M /L ratios. Since it is known that reddish K-stars that
populate elliptic galaxies have mass-to-light ratios of the order
(M/L)g ~ 3(Mg/Lg), it is interesting to compare to the mass-
to-light ratio of these galaxies. The result, known as early as 1933
[Zwicky, 1933] is that the mass-to-light ratios in clusters is

M M@

which displays a discrepancy of around two magnitudes. This
missing'® mass problem originated the idea of dark matter, an
ingredient today considered crucial to explain the large scale
structure of the universe and many derivative effets observed in
modern surveys.
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25 (CMagnitude Gaps and Fossil Systems

We now turn to study in particular one aspect of galaxy systems,
the luminosity dominance of the central galaxies in systems,
which will be the main focus of our application. It has been
known for some time that central galaxies in groups and clusters
are significantly different from other galaxies in both their
morphological aspects and their scaling relations [von der Linden
et al., 2007]. First, they differ in that they do not normally fit into
the luminosity fun&tion of their own clusters, in the Schechter
model. Also, they have different M /L ratios, metallicities, and
other scaling relations from typical elliptic galaxies, even when in
comparison to those of the same scale.

The relationship between the central galaxy and their parent
systems is, in turn, important to understand evolutionary effets
on galaxies and the origins of galaxy groups and clusters. In this
context, the dominance of the CG, most of the times quantified
by the difference in magnitude of the (usually brightest) CG
to the second brightest in the central region, that is defined
by some frattion of 79, has been suggested as an indicator of
the relaxation of the system, because it is thought that larger
magnitude gaps identify systems that had more time for the CG
to cannibalise the L* galaxies in the inner region.

The first identification of a group where the central galaxy was
overly dominant was made by Ponman et al. [1994], when they
suggested that the system RX J1340.64-4018 was possibly the relic
of a former group of galaxies. At first, it was thought to consist
of a single galaxy with an extended X-ray halo, but it was later
shown [Jones et al., 2000] to be actually a group of about N ~
10 galaxies, out of which the central galaxy accounts for about
~ T0% of the total optical luminosity, being thus consistent with
it being the merger product of the missing L* galaxies around it.

A formal, empirical definition was given afterwards by [Jones
et al., 2003] for such fossi/ groups, and is expressed by

e a high luminosity in X-rays Lx > 0.25 x 10%%erg s,

* an absolute magnitude gap between the central, usually most
luminous galaxy and the second brightest galaxy greater than
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AMl_Q = MBC’G — MQBG S —2 within half the proje&ed 7200

radius.

With this definition, the number of such systems is very small
(about ~ 2% of all systems), and only a handful of them have
been studied in detail - at first, only groups. In time, however,
larger systems were discovered [Cypriano et al., 2006] and have
been called as fossil clusters, by analogy.

Using simulations, from which halo formation and evolution
can be traced, Dariush et al. [2007] observed that systems with
larger magnitude gaps form earlier, on average, lending support
to the fossil hypothesis. By earlier here, it is meant that the system
has reached the current mass sooner than the average of all halos:
these simulations show that fossil groups accreted on average
only 1 further galaxy since z = 1, compared to the average of 3
for other groups [von Benda-Beckmann et al., 2008, D'Onghia
et al., 2005]. The argument is then that because their mass has
been assembled before, they have had more time to virialise, with
inner cluster dynamics dominating evolution whereas systems that
remained accreting mass had external sources for more L* galaxies.

Another argument for an early formation epoch for these groups
is based on observations of these systems, although rare, including
through X-ray scaling relations [Khosroshahi et al., 2007] and
morphological studies of their central galaxies [Khosroshahi
et al., 2006] . Putting all these together into a coherent picture
for the overall population, FGs have been repeatedly suggested
(e.g. Harrison et al. [2012], Dariush et al. [2010], Khosroshahi
et al. [2007] and many others) to be more relaxed systems and,
as such[Mantz et al., 2015], to provide unique clues on the
history of cosmic mass assembly, the interaction between baryonic
matter and host dark matter halos, and to carry information from
stru¢ture formation at early epochs of the universe.

Dariush et al. [2010] has also proposed to modify the criterion
for the optical selection of fossil groups to AM;_4, < —2.5,
finding it to be a more efficient probe of identifying early-formed
halos than the conventional definition. The idea that fossil
systems (FSs) represent early formed unperturbed systems is
not uncontroversial, however. Random draws from Schechter
luminosity fun&ion with a lower number of galaxies have a
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higher probability of selecting larger magnitude gaps in the
bright end[Hearin et al., 2013], so that the displayed effe&t could
be of statistical nature [Proctor et al., 2011]. Paranjape and
Sheth [2012] employed extreme value statistics to show that the
distribution of galaxy groups as a function of magnitude gap
can be consistent with the distribution resulting from a set of
random draws from a global luminosity fun&ion, implying that
the group mass is only related to the magnitude gap through
mutual covariance with richness. [Mulchaey and Zabludoff,
1999], analysing NGC 1132, have suggested that fossil groups
may consist of failed groups, that is, local overdensities in which
other bright galaxies never formed. The masses and M /L ratios
of the central galaxies of FSs are also usually too large to be
explained as end points of compat group evolution driven just
by dynamical fri¢tion[Voevodkin et al., 2010]. The basic merger
interpretation, however, remains viable, as previously discussed
here, in the context of simulations.

Furthermore, the luminosity function of the first fossil group
[Jones et al., 2000] and the conclusion that it resides in a sparse
environment, was suggested by [D'Onghia and Lake, 2004]
to pose a problem for the cold dark matter models, since they
did not have as much substructure as expected for such massive
systems. On the other hand, simulations have shown that the
luminosity fun&tion of three FGs, including the first identified by
Ponman et al. [1994], RX J1340.6 + 4018, are consistent with
ACDM predi¢tions. Finally, in contrast to considering FSs as
peculiar systems, another possibility that has been speculated is
that groups and clusters may go into a fossil phase in their lives,
with an absence of significant mergers, with enough time for
relaxation [von Benda-Beckmann et al., 2008]. A bright galaxy,
or a group, may then sink to the inner region of the system and
the object will return to appear as a normal group or cluster of
galaxies. Dariush et al. [2010] find that the mass assembly history
is similar by these two methods, on average. About 90% of fossil
groups which were identified according to both criteria in earlier
epochs become non fossils after 4Gyr and the fossil phase persists
for ~ 1Gyr. Using semi-analytic models based on the Millennium
simulation [Springel et al., 2005],Gozaliasl et al. [2014] have
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shown that 80% of groups (13 < log Mayy < 14 in M) that
would classify as fossil at redshift z = 1 lose their large magnitude
gaps, but that 40% of the clusters (log Mgy > 14 in M), on the
other hand, retained large gaps.

Proper statistical comparisons between populations of observed
fossil systems and other, typical galaxy associations are still in
their infancy since the low number of fossil systems and their
lower representation on the existing X-ray surveys do not provide
enough statistics. In any case, fossil systems are relatively rare.
Dariush et al. [2010] has reported that using the AM;_5 < —2,
the fraction of fossil systems is 2% in observations and 2.1% in
simulations. Using AM;_4 < —2.5, 6.2% and 5.1% are fossils,
in observation and simulation respetively.

Currently, the state of affairs about the true nature of FSs, if
they are or not physically singular systems with earlier accretion
histories, remain undecided. In these terms, our work places itself
as another step in the study of these systems in order to assess if
they consist of a separate statistical population.

In a final commentary, particular to this work, we note that
despite the fact that the original definition of FSs include an X-
ray threshold, there is interest in the study of systems selected
on optical criterion alone, the optical fossil candidates [Dariush
et al., 2007], since the scaling relations of the X-ray gas have been
shown to be in concordance with the overall population of galaxy
clusters and groups. This is the approach we take: to characterise
and compare the magnitude gap to the mass, mass concentrations,
and M /L ratios, by using gravitational lensing over a population
of ~ 1500 systems. We also do not simply divide the population
into fossil and non fossil optical candidates since the low number
count of fossil candidates would handicap the cross-correlation
weak lensing technique we adopt to maximise our lensing signal
(more details in chapter 3 and chapter 4).



3

Gravitational Lensing

GRAVITATIONAL LENSING is the name given to the deflection
of light rays by gravity. It is one of the best understood and most
remarkable effects of ETG, and was among the first empirical
tests performed to validate it. The idea that gravity should at on
light precedes Einstein's work by more than a century by Soldner
[1804], and is related to the description of light as a stream of
luminous particles. Adopting this point of view, together with
the equivalence principle, Einstein re-derived the deflection angle
for light particles approaching a gravitation source with a given
impact parameter.

However, after the discovery of the full field equations (Eq. 1.1)
it was perceived that the total observed deflection angle should
actually be twice the classical result - this facor of two is a result
of properties of the curvature of the lorenzian manifold." This
offered a prototypical scenario to test the new theory of gravity
against the old Newtonian paradigm. In 1919 a solar eclipse
provided the perfect opportunity: the knowledge of the position
of stars in the sky was sufficiently precise to detect the predicted
defle¢tion [Dyson et al., 1920] and the result supported Einstein's
theoretical results.

The specific subject of gravitational lensing was, however,
to remain relatively quiet in the next decades. After a running
discussion among Eddington [1920], Chwolson [1924] and
Einstein [1936] it was thought that the phenomena would be
an occurrence too rare to observe - considering only chance
alignment of stars. Zwicky, however, pointed that entire galaxies
could display visible effects on other farther galaxies behind.

! Using the Schwarzschild metric with r5
being the chara&eristic radius and a light ray
with impaé parameter b The equation for
the total defletion angle is:

. dr
a=/ , 3.1
S - (1-) %

b2

which yields
R 2rg 4G M
a~ = .
b c2b
The two-fold factor adtually is tied to
another effe&t corre¢tly addressed by the

theory, the precession of orbits. Both are

(3.2)

due to the non-conservation of the Laplace-
Runge-Lenz ve&tor in ETG.
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Figure 3.1: Upper: The double quasar
QSO0957 + 561 depicted by the Hubble
Space Telescope in the upper right area of
the image as the "star like" objects with
diffraction rays. The reddish light between
them is the forefront defletor galaxy. Their
speétra matches as an object at redshift

z = 1.413, with the defletor at z = 0.355.
The separation is of about 6" Source:
ESO/NASA. Lower: Reproduction of the
spectra of each component, from Walsh et al.

[1979]

Furthermore, having calculated the masses of Virgo and Coma
clusters to be higher than previously thought by no less than 2
orders of magnitude [Zwicky, 1933], he argued that the defleCtion
of light of distant galaxies could provide not only tests of ETG but
also allow the determination of cluster masses. Finally, Zwicky
calculated the lensing probability and concluded that about

one percent of distant galaxies should be significantly distorted
[Zwicky, 1937]. Nonetheless, his predi¢tions would wait several
more decades until adequate observational technologies brought
Gravitational Lensing back to the spotlight.

In 1964 Sjur Refsdal derived the main equations of the lensing
formalism, and showed a method to estimate the Hubble constant
Hj [Refsdal, 1964a,b] - by measuring the time delay between two
different lensed images of the same object. With the subsequent
discovery of quasars [Schmidt, 1963] , it was proposed that
gravitational lensing by galaxies could be used together with these
distant, extremely bright objects to probe the masses of galaxies,
and realise Refsdal's ideas. Finally, only fifteen years latter, came
the first observation of a doubly lensed quasar, by Walsh et al.
[1979] (Fig. 3.1).

The coming of the age for cluster astrophysics, on the other
hand came in the late 70's and early 80's. With that Narayan
et al. [1984] explored in detail the possibility of clusters a&ting
as powerful lenses. Finally, [Lynds and Petrosian, 1986] and
Soucail et al. [1987] independently discovered images of "giant
arcs”, which have shown to be strongly distorted images of distant
background galaxies near the core of forefront galaxy clusters.
This was immediately interpreted by Paczynski [1987] as the
effedt of gravitational lensing - what would be confirmed by the
measurement of the redshift of the arc in Abell 370 [Soucail et al.,
1988].

The construction of the Hubble Telescope, the advances in
ground telescopes, and with these the ability to precisely measure
galaxy shapes in astronomical images all paved the way for the
systematic use of Gravitational Lensing not only as an observation
of ETG effects but also as a tool to measure characteristics of
galaxy clusters, the search for very high redshift galaxies and
even exoplanets - a great variety of results, in the same fashion



as spectroscopy went from a hint of the quantum nature of the
atomic structure to a basic technique to investigate properties of
baryonic matter.

General Lensing Theory

Since the environment of galaxy clusters have small curvatures,
ETG in such vicinities can be approximated by linearisation. Then
the defletion due to a spatially extended mass can be written
simply as a vector sum over point masses. In the continuum limit,
this sum becomes an integral over the spatial density distribution
p(Z). Now, if the defletion is small we can approximate the
gravitational potential along the deflected trajectory by the
potential along the undefle¢ted traje¢tory.” Using a system of
coordinates in the plane of the sky ¢ — & = band the redshift
in the line-of-sight z, defletion angle will be given then by a sum
of the contributions of each point:

5 /dm = pdV (3.3)
~ / y/ g T & /
A6 = ?/CFE /dzp(i,Z)@,bzﬁ—i G4

In which the first integral is calculated over the plane -
in practical situations, a large enough area - and the second
throughout the line of sight up to the source object redshift. In
the limit of a thin lens®, where the distances between the source,
lens, and observer are much larger than the size of the deflettor,
we can use the projected mass density

5(E) = / p(€ 2)dz. (3.5)

so that the defle&tion can be rewritten as:

L4 C (¢l
¢ € — &'
With the relationship between the deflection angle and the

defleCtor mass distribution built from the theory, what remains

is a purely (pseudo-riemannian) geometrical problem. The typical
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% (...)as in the Born approximation in
quantum mechanics.

3 In the context of cluster lenses, this
condition holds very generally, a cluster

of galaxies has a scale of few Mpc, whereas
the distances of lens systems and their lensed
sources are considerable frattions of the

Hubble length ¢cHo, which is about 4.3Gpc.
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Figure 3.2: Gravitational lens geometry.
In the thin lens approximation we can
consider that all the change in dire¢tion of

the light rays takes place in a specific plane.

Here, all distances used must specifically
be angular diameter distances, since

the large scale structure of space-time is

not euclidean.Source: [‘Bartelmann and
Schneider, 2001]

situation considered in lensed systems has a defle¢tor at a certain

redshift z4, a set of sources with redshifts z;. The source and lens

planes are defined as planes perpendicular to the optical axis of the
observer (the dashed line in the figure).If 77 is the two-dimensional

position of the source relatively to this axis, then we can write

(3.7)

(3.8)

n - -
\
Source plane
I
|
|
|
: Dds
|
| & /
| /
| /
I 7
| / Ds
/
, 1
: /
Lens plane
[
Dd
Observer - -
U—D—dg—Ddsa( ),
which, using angular coordinates 7 = D3 and £ = D0 can be
written as:
B=0—2B8(Dyb).
5oa (D)

This is the so-called lens equation for the system and can be
understood as saying that an object which would be observed

at a "true" position in the sky 5 = (1, B2) in its source plane

will be seen at another position § = (61, 62) in an "image"

plane according to the deflection given by & and the given ratio

of angular diameter distances.
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In the original case of star images being displaced due to
the gravity of the Sun, we had both 3 and 6, since the angular
separation of the sun and the stars vary with time. However, deep
object configurations do not change significantly and then neither
ﬁ nor & can be directly observed as g, D, and Dy, can. So we
seem then to have reached an insurmountable dead-end.

The solution to this problem comes - in very different ways -
by using the lens equation multiple times and constraining them
all together to make such system solvable. The constrain itself
comes, as we will see, from the fact that there can be reasonable
assumptions about the sources and the deflector.

To proceed, it is useful to define a fun&tion that depends on just
the distances of the defleCtor and some source, called the critical
surface density of the lens as

c? Dy

Ypp 1= ——— .
47TGDdSDd (3 9)

One of the main reasons behind this definition is that it can
be proven that arrangements of lens-source pairs in which the
projected surface density surpasses this critical value, the lens

. . . . . 4 Note that X > ¢, is a sufficient but not
equation will display multiple solutions*. Then, when the lens necessary condition for muliple solutions;

P. Schneider, J. Ehlers, and E. E. Falco.

equation displays multiple solutions, a single source will be Gremtarimal o 1992

displayed in multiple images around the lens.
Rewriting the angle equation with the critical density, we have:

—

7 _ 2(Dab)
= . 1
w0) = = (3.10)
Inserted to the defle¢tion angle equation, this yields:
S 1 0 —0k(0
0—2(0) — —/d2(9/( _ )_/?( ) ;
@ 60— 0|2
which suggests introducing a 2D gravitational potential ¢ for
which
V) = 2k (3.11)

holds. This describes a line-of-sight integrated two-dimensional
"Newtonian" potential, rescaled by X,, called the lensing

potential, such that now a(f) = Vi(6) and £(0) = %V2¢(§)



70 MAGNITUDE GAPS AND THE PHYSICAL PROPERTIES OF GALAXY SYSTEMS

« | O Q
Re[y] O @)
me) Q) | ()

Figure 3.3: The effets of the two
components of the lensing transformation.
K changes the size of images while «y distorts
images laterally.(Source: Wikipedia)

> where ¢ is the angle between the shear
frame and one coordinate axis

The lens equation together with the density-defle&tion relations
define a surje&tive mapping from the image plane 0 onto the
source plane 3. The shape of the images of extended objects
will differ from the shape of their respective sources because
the defle¢tion of light ray bundles is locally differential. We can
then investigate these local properties of this mapping in small
neighbourhoods through the Jacobian matrix, given by:

_ 0B _ 5 Ou Oy
00, Y 00, 00,00

Evaluating each term in the Jacobian we can write the

Aij = 5ij — (312)

transformation matrix explicitly as:
l—rk=m =7 }
A= , 3.13
[ —Y2 1l —r+ Y1 ( )

where we introduced:

1 /0% 0%

O
2 56,00,

The reason why we introduced vy is simply because the

(3.15)

transformation A can now be expressed as two observationally
different effeéts.

If we combine y; and 9 into a complex quantity v =

V ’Y% + 7% ¢2% e can then write:

_ 10 cos2¢ sin2¢
A_(l_K)IO 1] - | ‘[sianb —cos2¢ | (3.16)

The local distortion of the images can now be understood as a
convergence part K, that gives us how much an image is enlarged or
diminished in area, and the traceless shear v, which quantifies how
much an image is laterally distorted.

There are two remarks that should be made about the local
properties of the lensing transformations:



e the shear v is 7ot a vector, due to its transformation properties
under rotations: the components of the shear are mapped onto
themselves (an identity transformation) with a half-rotation.
The reason for this behaviour due to it being the traceless part
of the jacobian matrix (3.16). Hence, the shear is actually a 2-
spinor.

* the convergence k preserves surface luminosity, due to
the theorem of conservation of étendue, which can be better
understood in Hamiltonian optics as an analogue of Liouville's
theorem.’

The ratio between the solid angles of a local neighbourhood in
the image plane and its respective "original” source distribution is
given by:

6 11
HTBAB T da A (I—rE P

and is called the magnification. There may be regions in

(3.17)

a configuration where this determinant is zero, which will
correspond to a critical curve in the plane of images, and a
respective caustic in the source plane. This suggests there are areas
which have infinite magnification, which evidently cannot be true,
which is due to approximations taken in this derivation. Still,

in such cases, dramatic arcs and even ring images of background
objelts appear.’

When such effects of distortion and multiple imaging is present,
we call this Strong Gravitational Lensing and the method for
determining masses of deflectors usually involves reconstructions
of the source based on the likelihood of the multiple images or
giant arcs displayed being mapped to some original configuration
- this solves our "dead-end" by enabling multiple uses of the
lensing equation for each. The counterpart, ‘Weak Gravitational
Lensing, refers to situations where light rays from distance
sources is just slightly distorted in a coherent fashion. In these
configurations, the effect is quantifiable through a statistical
measure of shapes of background objects which provide an
estimator for y as well as x, the former we will see in the next
section.
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¢ P. Schneider, J. Ehlers, and E. E. Falco.
Gravitational Lenses. 1992

7 A nice example is that presented by

an isothermal sphere mass distribution.
Using the an isothermal mass distribution
[Schneider, 2006] we have:

2

Ty

%(8)

e
which yields
25
0)=—,
K(0) = o5
with
ov\2 Dds
Op =4n (| — ,
B ﬂ—( c ) D

where O is called the Einstein radius of the
lens. In this case, we have:

|
P

Op
0p0
0

D R

2
I Il

w(

T 0—0g’

so that when @ ~ 0, 8 ~ 0, and the
magnification is very large as we can see in
the incredibly near-perfect alignment below:

Source: NASA
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More recently, the number counts of background objects has
been also used for mass profile measurements. Since the effe¢t of
a gravitational lens is to spread out the image of the background
sources, from this alone you would expect a decrease in the
projeted number density of background galaxies. However, since
magnification, as we have seen, enhances the flux of background
objects you would expect an increase of objects in images - which
are limited by flux. The interplay between these effets can be
modelled in comparison to undefle¢ted fields in regions away
from cluster centres to determine projeted mass distributions, in
a way that defeats the mass-sheet degeneracy, as the magnification
is immune to such invariance. It is in this way that weak lensing
can provide an estimator for .

Finally, as a note, the study the region in-between the strong
and weak regimes - the flexions - has also been employed as a
complimentary technique to bridge and combine strong and weak
lensing for a deeper, more complete analysis of mass distributions
through lensing effects.

For strong Lensing, magnification and flexions the reader is
recommended to Merten [2010, 2008], Meylan et al. [2006]
and others, as we now draw our attention to weak lensing shear
analysis, which will be our main tool in the application.

32 ‘Weak Gravitational Lensing

While the presence of any amount of matter density deflects the
path of light rays passing around it, this effect will rarely present
itself as the giant arcs and multiple images usually associated with
gravitational lensing. Most regions in the sky are very slightly
affeted by foreground mass distributions, being deeply into the
weak lensing regime, in which the defleCtion is impossible to
quantify by a single background source. Fortunately, even in
such cases, the presence of the foreground mass can be detected,
by way of a systematic alignment of background sources around
the lensing mass. Weak gravitational lensing will be then an
intrinsically statistical measurement, which overcomes the
subtlety of the effet by combining a large number of individual
measurements.



In regions that k,7 < 1, the Jacobian of the lensing
transformation - and by it an estimator for X - can be mapped by
observing the combined effect of the shear «y on the distribution
of projected ellipticities of background galaxies: as the shapes of
a colle¢tion of source galaxies will be dominated by their nearly
random distributed unlensed shapes, coherent distortions can
single out and quantify lensing effets.

Even if galaxy shapes are not perfect ellipses, their ellipticities
can be measured by finding best-fit elliptical models to the
sources, or by measuring the second moments of the image
about centroids. For a given image, if the distribution of surface
brightness in a small neighbourhood around a source is given by a
funéion I(f), the centroid of the object can be estimated by the
average of the distribution

< [d01(0)0

= , (3.18)
i [ d2601(0)
whereas the second moment tensor is given by
d201(0) (6: — (6:)) (0; — (0
o LEIBCO-lNG-10)
[ d201(0)

If we then define the ellipticity of the object as®

Qu — Q2 + 212 (3.20)

€ = :
Q11 + Q2 + 2/Q11Q22 — Q%

we can write then the second moment tensor of the unlensed
source with the observed tensor () and the transformation A as

Q° = AQAT = AQA, (3.21)

which gives us the original ellipticities of the source as

( E—g
— 7 <1
1 — g*e’ 91 <
€ = <
1 — ge*
\ € — (¢
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8 Ellipticities are usually defined by the ratio

b
e=1—-qg=1——,
a
where b/a is the axis ratio of the ellipse. In
gravitational lensing it is customary to define
quantity

1— )
€:= 7q621¢,
1+q

where ¢ is the same we have seen before in
the shear definition - ellipticity, as shear, is
transformed into itself by a half-rotation.
Joining this with the elliptical parameters

Q11 = a? cos® ¢+ b2 sin? ¢
Q22 = a? sin2¢)+b2 cos? ¢
Q12 = (a® —b%)singpcos §,

gives the ellipticity definition a practical
meaning.
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with the reduced complex shear g given by

= v(0)

gW%Z?jaa. (3.22)

Now, the ellipticity expression can be inverted to give

(€ +g
€ =X . (3.23)
1 4 ge*™

If we consider many galaxies in a small neighbourhood of the

gl <1

lg] > 1

image, using our ansatz that the intrinsic ellipticity €® is randomly
distributed we have (¢*) = 0, so, the averaged measured ellipticity
should amount to

(g, 19| <1
L9

So, in the weak lensing limit the averaged ellipticities in a
small region provides an estimator for the local reduced shear g.
However, g is a single quantity, but £ and 7 are two and x is the
quantity most directly related to the mass distribution, through
Y = kY. Any transformation of the form

11—k =X1-k)
V=M

leaves g unaltered. This is the so called mass-sheet degeneracy,
because it amounts to the fa& that a sheet of uniform surface
density does not produce any lensing effects. This is a serious
problem to the calculation of masses of individual clusters and
can be dealt with in some ways, the most straightforward of them
is to consider magnification effects. Since the quantity

1
1— k)2 — |7y

P
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is not invariant through the aforementioned transformation,
it can be used to calibrate the shear/convergence-reduced shear
relation.

Another useful way to constrain the degeneracy, used in cluster
surveys and in this work, is to assume a spherical distribution
of the lens mass, this immediately breaks the degeneracy by
introducing a model for the line-of-sight mass distribution, with a
one-to-one correspondence between x and 7.

33 Parametric Modelling

The universality we previously discussed of the halo mass
profile provides us a method to use gravitational lensing to
investigate observables of galaxy systems. An axisymmetric matter

distribution can be described by a radial fun&ion E(é} = X(0) so
that the deflection angle yields

a(d) = / 4060k (

a(&) 4Gy /dggz}

§2 c2

4GM (<&)¢

2 Y
¢
% This is, in some approximated way, a
where M (< &) is the total mass enclosed inside radius £.” diret consequenc of Birkhof's Theorem

spherical solutions can be seen as point

Since all dlreé’uonsﬁ 0, and & are collinear we can write the lens

masses with at a large enough distance.

equation with scalars

B=0—a)), (3.25)
where the deflection angle is given by
a(f) = @ = R(< 0)0, (3.26)

where again m(< 6) is the dimensionless mass enclosed inside
the radius 6 and k(< ) is the averaged convergence in the same
region. The Jacobian matrix can be then calculated rewriting the
lens equation as

F= [1 —R(< \eﬂ)} 7, (3.27)
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then applying the definition (eq. 3.16) we arrive at

A(0) = [1 — &(< 0)]1 —

1d/<¢[ 6? 9192} (3.28)

0do [ 6,0, 063

If we now transform 6 into a polar coordinate system around
the centre of the distribution, we can write § = 6(cos ¢, sin ¢)
which, together with the former presentation of the jacobian
matrix in eq. 3.16 yields:

1(0) = (R(< ) — k(B)) 2 (3.29)

It is easy to see that whenever a given ellipticity - is rotated
by ¢ the result amounts to a multiplication ye 2%, so we can
define a polar coordinate system for the ellipticities such that
vy := e 2. Like the Cartesian ellipticity, the polar ellipticity
admits a separation in two components which are the tangential
¢ and cross ¥, components that can be calculated by:

Y= —R[Vp] = — [71 cos(2¢) + Y2 sin(2¢)] (3.30)
Y = =[] = — [71 cos(2¢) — Y2 sin(2¢)] (3.31)
Tangential alignment Cross alignment

e >0

€Ex — 0
Figure 3.4: Considering a spherical
symmetry, we can write the ellipticity of
an object as a sum of a tangential component

and a cross component. Source: CMirian

Castejon Molina

€t 0 GtZO Et:()
0 €x >0 ex <0

The negative sign in the above equation can be understood
as follows: consider a circular mass distribution and a point on
the 0, axis outside the Einstein radius. The image of a circular
source will be mapped into a stretched image along the 05 axis.



In this case, ¢ = 0, the shear is real and negative and in order to

have tangential shear positive, and thus to define the tangential

component according to intuitive understanding, this minus sign

is introduced. Owing to the spherical symmetry, we expect only

the tangential projection of 7; effets from gravitational lensing,

whereas 7y, can be used to investigate possible systematic effects.
Now, using that

(0) = R(< 0) — K(6), (3.32)

we can rewrite this equation as a more convenient form:

Sui(0) = S(< 0) — 2(8), (3.33)

which will suit better to practical cases when we combine
clusters into stacked halos, because since each lens-source pair z,4
and z, is well determined, we can use the left hand side of the
equation (in the limit that v ~ g) as data and treat the right hand
side as model.

Effectively, we will have many sources for gravitational signals: a
source point contribution due to baryonic mass concentration of
the central galaxy, the halo profile, effe¢ts due to the miscentering
of the profile, and a contribution from the large scale structure of
the universe. The proper treatment for each of these effects will
be discussed in detail in the chapter 4, but all of them will always
be modelled into a surface distribution ¥ and into effet by the
equation above (3.33).
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Part 11

Application






4
Methodology

WE FINALLY ARRIVE AT THE PRACTICAL implementation
of our acquired knowledge of galaxy systems and gravitational
lensing - specifically on the aspect of dominance of the central
galaxy with respet to the other galaxies in the central region.
The main goal of this work is look for correlations between the
magnitude gap and other physical observables of galaxy systems
available with our data, described below: the system mass, NFW
concentration parameter, luminosities, and mass-to-light ratios.

In order to measure the mass distribution of the systems,
we employ weak gravitational lensing shear measurements, as
discussed in the seCtion Parametric CModelling of chapter 3.
The effe&t of weak gravitational lensing is, however, subtle and
dominated by the noise of intrinsic ellipticities. In fa&, the typical
intrinsic ellipticity of galaxy images is of order € ~ 0.3. To achieve
a useful measurement of ¥ on the scales we need then, that of
one magnitude lower or less, we must achieve a high number
of galaxies per image area to use as background sources, and
average their tangential ellipticities in radial bins to estimate the
distribution of the shear, raising our signal above the noise from
intrinsic ellipticity dispersion.

It has been shown [Bartelmann and Schneider, 2001, van
Waerbeke, 2000] that the noise of weak lensing measurements
scales as the inverse of v/ N, with N representing the number of
galaxies with measured ellipticities:

o2 oc SELES) 7

On the other hand, the observables we want to correlate to
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probe aspects of the history of mass assembly of clusters and
groups are also subject to large intrinsic scatters. To improve our
situation in both fronts we can add signal from different systems
to calculate average properties that are relevant to particular
populations, which may lower the average signal per cluster but
can also remove biases due to the triaxiality of clusters relative to
the line of sight, and contamination by the large scale structure.
The approach taken by this work to cope with these recurrent
SNR in lensing studies is to combine subsets of galaxy systems
into modelled halos, to increase the number of galaxies used
as source, and average out effects of projection, alignments
and intrinsic scatters. This method is usually called §Zacking or
cross-correlation lensing [Johnston et al., 2007], and this chapter
describes both the data used, and the steps to be taken in both
preparing and applying this method into the necessary details.
The results of any preliminary calculations will be displayed
along this chapter, whereas the main results for the measured
shear, masses, mass concentrations and M /L ratios will be left
to the chapter 5 since they constitute the main objeétive of this
work.

41 Data

The data used in this work comes primarily from two different
surveys: the SDSS DR8 redMaPPer catalogue of galaxy clusters
by Rykoft et al. [2014] and the CFHT Stripe-82 survey [Moraes
et al., 2014]. The Stripe-82 is an equatorial region about 2° wide
in the latitude direGtion between —40° < RA < 60° which
has been extensively investigated by not only SDSS, providing
spectroscopy, but also several other surveys, such as Viero et al.
[2014], LaMassa et al. [2013], Durret et al. [2014]. The cs82
was specifically designed to take profit of the synergies in this
abundance of data.

The main goal of the ¢s82 collaboration was to measure cosmic
shear,a large scale struture effect of gravitational lensing that can
be used to map the distribution of matter in the universe, and as
described in the last section of chapter 1, constrain cosmological
parameters. Together with the cluster catalogue provided by
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redMaPPer, it can also be used to study a large number of galaxy
systems at once.

Figure 4.1: The galaxies in the centre of
this optical image are an example of galaxy
cluster as imaged by SDSS, displaying

the chara&eristic yellowish hue of elliptic
galaxies. Source: SDSS / Alexie Leanthaud
CS82 presentation

The cs82 by itself consists of 173 images in the CFHT ¢/ (~
SDSS i) band, with the MegaCam instrument a 1deg” field of
view camera with 21, 000 x 21, 000 pixels, resulting in an angular
scale of 0.187arcsec/pixel. The completeness magnitude limit
achieved was m; < 24, with a median seeing of ~ 0.6”. The
total effeCtive area after masking and de-overlapping the images
corresponds to about 124 deg” of the sky. The classification and
measurements of shapes of objects has been done by the LensFit
algorithm [Miller et al., 2007, Kitching et al., 2008, Miller et al.,
2013], and the details of the calibration and its systematics are
discussed in Erben et al. [2013]. In this work, all objects with
magnitudes 145 < 23.5, w > 0 and FITCLASS = 0' are used. ;ff;iﬁ;’?ifh‘;i Z‘iﬁiﬂfﬁiﬁfﬁ‘iﬁ?ﬁ;‘ﬁ
This magnitude is defined as a safe limit to guarantee homogeneity =~ ¢ <repond s
for all the 173 tiles. Together, this criteria results in a total of
4,450, 478 galaxies, and the average galaxy density per image area
is ~ 10gal /arcmin®.
The photometric redshifts for the galaxies to be used in weak
lensing analysis cannot be taken from the cs82 directly, as it
consists of a single band survey, but were then taken from

crossing data tables from other surveys: Reis et al. [2012], and
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Figure 4.2: Distribution of ellipticities in the
x, y coordinate frame of the CS82 survey,

as determined by LensFit. The dashed line is
the average in both ellipticity direCtions.
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one provided by the cs82 based on Brammer et al. [2008].

The red-sequence Matched-filter Probabilistic Percolation
(redMaPPer) algorithm for cluster finding, on the other hand,
is a photometric cluster finding algorithm based on the optimised
richness estimator \ of Rykoff et al. [2012], which is designed
to have minimum scatter with cluster masses. The redMaPPer
algorithm, a descendant of the maxBCG algorithm[Koester
et al., 2007], identifies galaxy clusters as overdensities of red-
sequence galaxies around central galaxy candidates. At first, it uses
learning techniques on spetroscopic training sets to characterise
the evolution of the red sequence as a function of redshift. The
algorithm then uses the resulting red sequence model, together
with a radial scale filter and a luminosity fun&ion filter based on
the Schechter function (eq. 2.28) to estimate the probability that
any given galaxy belongs to any given cluster. The cluster richness
is defined as the sum of the probabilities of galaxies considered, as
the expected value of the number of galaxies in the cluster,

A=) pi. (4.2)

In addition, by identifying a red-sequence for each cluster, it can
estimate cluster photometric redshifts by simultaneous fitting all
possible member galaxies to its red-sequence model. The radial
scale filter also defines a percolation radius 7. that is related to the



obtained richness A by

\ B
c — IM AN )
ro = 1Mpe x (100)

with 8 = 0.2 [Rykoff et al., 2014, 2012].

(4.3)
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Although the authors emphasise that the 7. is not directly
related to the virial radius, we use it to define the central region
of the system as r < r./2, which translates into about ~ r90/3
[Rykoff et al., 2012]. This is a more inclusive definition, since it
defines less volume to draw nearby galaxies to compute magnitude
differences, however that smaller region will also diminish
significantly the population with AM > 0, where the central

galaxy is not the brightest (cf. Fig. 4.4).

12 Absolute Magnitude Calculations

To describe our whole procedure carefully, we start at the very first
first step: to calculate absolute magnitudes for each galaxy from
the redMaPPer catalogue. Since the redMaPPer galaxy magnitude
data were already de-reddened, we can calculate the absolute
magnitudes through the Distance Modulus y as a funtion of the

luminosity distance (eq 1.25):

DL
=25 og(lOpc> =m; — M

where the K-corre&tion, given by O'Mill et al. [2011] for the

(4.4)

Figure 4.3: Probability mass funétion for
all galaxies identified by redMaPPer as
possible members of a system, by radius.
We can see that outer radii galaxies have a
wider distribution. In the left panel, point
transparency was adjusted to refle&t galaxy
brightness, so that fainter galaxies appear as
faint points (in log scale). On the right, the
blue/red points indicate lower/higher cluster
redshifts respectively. At high redshifts,
probabilities tend to be lower.
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band 7 filter magnitude, using the other filters g, r, and the
redshift 2 is:

ki =[0.538(g — r) — 0.075] z 4+ [—0.027(¢g — r) — 0.120] ,

(4.5)
To estimate the uncertainties, we follow simple uncertainty
2 which results in . 2
" propagation
= 0.538z — 0.027
, 2 2 2
dki _ dk; dk; dk:
— = —0.5382 4 0.027
b O = (%—’) + (57-—’ + (0. (4.6)
‘Zﬂ =0.538(g — ) — 0.075 dg dr dz
z
The uncertainty of the distance modulus is likewise given by:
du
dz
For which we use a numerical derivative process to calculate j—’:
Finally, with
2 _ 2 52
6Mi - 5# + 67% )
the absolute magnitude results are ready.
13 EStimation of CMagnitude Gaps
In possession of the absolute magnitudes, we turn to the
estimation of the magnitude gaps. Here, we must start by
two important remarks that will shape this discusion: first the
redMaPPer algorithm does not always identify the central galaxy
as the brightest. Hence, we refer to the central galaxy as CG,
instead to the literature usual BCG, and the magnitude gaps
are calculated with respet to the brightest non-centre galaxy
(AM,_9 := Mce — Mpnce) or the third brightest non-centre
3 These will lead to negative gaps for usual R _ 3 :
e S galaxy (AM,_4 := Mcg — Mspnee)’, depending of the adopted
brightest, and positive for those which it Sele&ion criterion. 4
is not.
4 As previously stated, we restrict our Secondly, the probabilistic nature of the redMaPPer catalogue
calculation of magnitude gaps to the inner . .
region of the group/cluster as defined by a puts an obstacle to our diret assessment of the cluster magnitude

circle with 7 < 1/2R., the effe& of the

inner region defining radius is discussed at

the end of this section. which are not system members, we cannot directly calculate the
magnitude gap by just subtracting the central and BNCG and

gap: since we do not know with certainty which galaxies are and

3BNCG absolute magnitudes, subject only to instrumental error.



We can, however, calculate expected values of magnitude gaps,

by simply computing the the probability mass diStribution of the
galaxy catalogue of each system. To do so, we have employed two
different methods: first, a computational bootstrapping, creating
copies of each cluster that reproduced cluster probability mass
fun&ion, and second, the direct calculation of probabilities for
possible magnitude gap values.

To calculate these expected values computationally, we can, for
each cluster, create a number of realisations to obtain the expected
magnitude differences. We then order galaxies in each copy by
increasing magnitude, and select the first and third as the BNCG
and 3BNCG for each copy. The expected value of the magnitude

gap is given by the weighted average of the n realisations.

Zn [MCG - M(3)BNCG,n} Wn,

E(AM, = 4.
( 1 2(4)) Zn w, ) ( 7)
where the weights are given by
- (4.8
= GAM,)? ‘
and the uncertainty due to uncertainties in magnitude
measurements is |
(0AM) = ———. (4.9)
i Wi

with SAM; = \ /0MZ, +

gal®

The error due to the uncertainty of memberships , likewise, can
be estimated by calculating the weighted standard deviation of the
mean of the n realisations.

We have calculated AM;_y(4) and the respective probability
distributions through the bootstrap method by using 2000
realisations, after checking for convergence by inspecting the
successive results as a fun&tion of n. However, this Monte Carlo
approach has proven to be excessively time-consuming and
because of that not easily adaptable. While looking for a faster
way to calculate these values we have derived exact probability
calculations which can be used to obtain the expected values.’

First, consider a table of all galaxies inside the inner region
of the system except the central, with N redMaPPer-identified
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> In pratice, the bootstrapping method
helped us check the validity of the
calculations both to the expected values
and the variances.
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Figure 4.4: Distributions for the calculated
magnitude gaps and errors for AM7_2 and
AMi_y4.

possible members, so that their membership probabilities are
given by p = pi, pa, p3... as ordered by decreasing brightness
(increasing absolute magnitude). Then, the probability of the

first galaxy to be the brightest in this group is just p; as no other
galaxy can possibly be brighter than it, So that p; = P is also the
probability of the magnitude gap AM;_5 to be Mcg — M. Now,
for the second galaxy we need to ensure that the first is not present
(1 — p1) and that the second is, that is, (1 — p;)ps. By simple
iteration, the probability of the n-th galaxy of being the BNCG is
given by:

n—1
Po=p, [J(1=p). (4.10)
i=2
Now, for AM_4, the reasoning is just slightly more

complicated. The first possible galaxy to be counted is the one
with probability ps; for it to be the third brightest in this set,
all before must be galaxies of the system and also itself, so the
probability is P; = pipaps. The fourth galaxy will be the third
brightest with the remaining probability (1 — Ps) and its own
probability of being a member py, thatis P, = (1 — Ps)py
. 'The fifth will follow suit: the remaining probability is now
(1 — P; — Py) and its own ps. So the general formula will be

B, = p, (123) . (4.11)
i=3

Collecting these results the expected values are the sum

weighted by individual probabilities for each possible gap:

N
E[AM, o) = Mog = ) PaM,, (4.12)
n=1(3)

and the errors adopted follow directly from the definition of the

variance also,

Var [AMy o) = B [ (AMio)°| = [B (AMiow)]* - 413)

These calculations were successfully compared to the
bootstrapping approach, and resulted in total fractions of
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~ 1.6(2.4)% clusters as optical fossil candidates according to
AN, _y(4) (Fig. 4.4)).0On the other hand, 7.3(0.13)% of the
systems had positive AM;_y(4) values, that raises the question
on whether these systems have been incorreétly centred by the
algorithm or if these brighter non-CG galaxies were incorrectly
classified as highly probable cluster members.

_Fraction of clusters classified as a function of the ratio of inner /redMaPPer radii

Fossil Fraction AM, _,
Fossil Fraction AM,_,
Positive Fraction AM,_,
Positive Fraction AM,_,
Dariush Obs. (2010) AM,_,
- Dariush Obs. (2010) AM,_,

Dariush Sim. (2010) AM,_,
- Dariush Sim. (2010) AM,_,
This work (=1/2)

Fraction%

Rinner/ Rc
Figure 4.5: Fra&ions of clusters by particular
magnitude gaps. Positive magnitude gaps
To assess the effeét of the definition of the inner radius, we gﬁn;rally increas with radius, }vlvhereas for
the fossil fraction increases with smaller radii,
have calculated the fraction of the clusters classified as fossils with which justifies calling smaller radius a less

both AM;_5 and AM;_4 criteria, and the calculated frattions by st defnition
Dariush et al. [2010] both from observations and simulations and

the the frattion of clusters with a positive magnitude gap, which

may include systems where the CG was misidentified. Because of

this, we opt to not use the positive gap clusters in further analysis

of this work.

w4 Parametric Modelling of Mass
‘Distributions

The NFW profile (eq. 2.6) can be written as a function of two

parameters, the concentration ¢y and the mass M. for a given
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redshift z by first rewriting it into

RN CITNICENTENE
where we recall that the critical density of the universe at a

certain redshift is given by peir = 3§;g ) , and we have defined

(4.14)

the scale radius as s = r./cy.
Then, the 0 5y parameter can be related to the cluster
overdensity A. and the concentration by:

A, 3

3 In(1+cn) —en/(1+cy)
and finally the scale radius is given by proxy, as the collapsed

radius as a funtion of the mass and redshift by

: (4.15)

INFW =

(4.16)

1
3M. ] e
47TAC pcrit(z)

For this work, the usual A, = 200 has been used to
facilitate comparison to the existing literature and the masses

re(z, M) = {

and concentrations so defined are referred to as Moy and coq,
respectively.

The projected mass density will be given by 2.34, for which
the NFW profile yields analytic solutions [Wright and Brainerd,
2000]. For a given collapsed mass , concentration, and redshift,

we have

EnEw(r|Me, en, 2) = 2rs Snpw Maogo Xx new (r/1s) (4.17)

where the shape of the profile ¥ x xpy in terms of the rescaled
dimensionless radius is given by

( (3:21__1)[1— lz_wzarctanh ;—i} (x < 1)

Yxnew(z) =< % (x=1)
\ ﬁ [1 — \/g%arctan@/% } (x> 1)

(4.18)



15 The Effect of CMiscentering

When using parametric profiles to model a combination of
spherically symmetric matter distributions, it is important to
evaluate the correct centre position of the profiles. It is known
that some fraction of the CGs may be offset from the true centre
of the gravitational potential it inhabits [Girardi et al., 1997,
Krempec-Krygier and Krygier, 1999], and also that cluster finder
algorithms may identify a wrong galaxy as the CG [Johnston
et al., 2007]. When we combine several clusters, the effe& of
this miscentering is to produce lower levels of shear in the inner
radii, as some centres will be at a radius > 0, and their shear
maps will shuffle the ensemble average, which may bias the results
towards lower masses [Johnston et al., 2007].

If the 2D offset in the lens plane of a single profile is given by
R,¢¢, the azimuthally averaged surface profile will be given by
a shift of the centre and an integral around the corret centre as
[Yang et al., 2006]:

1

7

2
Soff (R|Ryp ;) = 2—/0 4o > (\/32 + R2,, — 2RRoffcos(9)) .

(4.19)
There will be, however, a distribution of profile offsets when
combined int cross-correlation lensing. The distribution of these
offsets have been analysed by Johnston and can be modelled as

Royy 1 (Ror\’
P(Ropp) = —exp |- <— . (4.20)
Tors 2\ Oopy

where the parameter 0, is the peak of the distribution.

The resulting mean surface mass profile for miscentered
combinations of clusters can be written then as

Y¥(R) = /0 ARyt P(Rop )X (R|Rosy) - (4.21)

Since this work will deal with likelihood fits of this profile
using MCMC - which calculates many candidates for model
parameters and compares to the data, it is worthy to spend some
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time considering the computational cost of calculating the model
for a set of parameters into some radial bins, since the model will
be calculated over and over many times.

The expression above, when combined with the differential
surface mass density AX contains a triple integral

(R‘M CN, <

2
7TR2 / / / Td?“ dRoff de P( off) <\/7’2 + T?)ff — 2r ToffCOS((g))
2
— dRorr d0 P(Rofr)X (A/72 + 72 — 2r roprcos(0) ), (4.22)
/0 /0 7540 P(Rojy) <\/ i 71€0s( ))

which has to be calculated for each point on the parameter
space that the MCMC evaluates times the number of radial bins,
so it can interesting to transform this into a look-up table to speed
up calculations. This can be done by using the previously defined
rescaled radius + = 7/7, to define the rescaled off-centring
parameter as &,¢p = 0,77/7s. We can then write

. INENAY
Px(zopf) = = I exp [ <:§ ff) ] : (4.23)
off of f

and with this and Y, as, for example, defined in equation 4.18

we arrive at

AM(R|M, ey, z) =

2rednpw M. [T [ [T 5
TR2 /0 /0 /0 rdz dw,sp d Px(worr)Xx <\/x2 + x5 — Qxxoffcos(ﬁ))

(%) 27
— dx,rr db Px(x,rr)2 z2 + xg — 2xx,rrc08(0) ) (4.24)
/0 i r7 A0 Px(wopr)Xx (\/ 11 rreos( ))

where the integrals can be pre-calculated as a funéion of z,
saved and used through interpolation by r1Track [Cline, 1974]
or other high-performance interpolation library.



46 Contributions from the Large-Scale
Structure

As previously argued, the NFW profile is expected to be a good
representation of halo profiles only to a certain scale, at most
~ 2Mpc/h. To go to further out radii, the contribution of the
large scale structure must to the mass profile be accounted for. We
have already derived the 2-halo contribution as a funtion of the
linear bias and the matter-matter two-point correlation function
(eq- 2.24). Now we proceed to transform the radial matter density
enhancement into a projeéted quantity, following the steps of
Johnston et al. [2007].

First, the two halo mass profile term can be written as

pm(z)

pon = b)) Quupeo(1 + 2)* E(r, ). (4.25)

The matter-matter correlation function at redshift 2z can be

written in terms of the growth fun&ion (eq. 1.31) , o3 (eq. 2.8)
and &, at redshift z = 0 as

4(r,2) = D(2)* o3 & (1 + 2)r] (4.26)

where &(r) is the correlation function at redshift zero, that we
calculate from the linear power spectrum as in eq. 1.40.
Now, to calculate the projeéted density, if we define

B(z, M) :=b(z, M) Qu 02D(2)?, (4.27)

we can write the projected 2-halo term as

ZZh(R) - B(Z7 M)EZ(R) ] (4.28)

where the proje¢ted mass profile due to the large scale structure
is calculated as in the equation 2.34

Y= (14 2)2p.0W((1+2)R), (4.29)
with

(0. ¢]

W(R) = / dy&(VPE+ R (4.30)

(0.¢]
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Figure 4.6: Upper: CAMB generated
power spe&rum at redshift zero used for
this work, using Planck 2015 data. Lower:
The respective matter-matter correlation
function, zoomed into the chara&eristic
acoustic oscillation peak.

Again, it has proven useful to pre-calculate the fun&ion W (R)
to avoid repeating the integral when using the fitting procedure.

The source of our power spe¢trum for calculating the
contributions from the large scale structure is CAM B, using the
parameters given in table 1.1 by the Planck 2015 column.

47 The Full Model

It is argued [Gavazzi et al., 2007] that the baryonic mass of
the central galaxy is not accounted for in the dark-matter halo.
Although the contribution could be modelled in a number
of ways, e.g. by using a de Vaucouleurs profile, its effects are
only significant on very small scales, which cannot be properly
constrained in weak-lensing only studies. Therefore, we have
chosen to test a model the central mass as in Johnston et al.
[2007] and Shan et al. [2015], as a point mass, with lensing signal
My
AYeca(R) = 3 (4.31)
Collecting this together with those for the corre&tly centred

profile, the miscentered profile and the contribution from
the large scale structure, the surface mass density AX(R) =
Yoty (R) = Z(r < R) — 2(R) in a modelled halo of
stacked systems with NFW profiles is given by the sum of their
contributions:

M, 0
A8 = 2 AT (B) (1 -p) ATy (R)+ A (R),
(4.32)

where the terms in the sum can be enumerated as:

The baryonic component of central galaxy mass

The NFW profile for the fraction of clusters correctly centred
* The miscentered NFW profile

The large scale struéture contribution.

This is a 5 parameter model, with My, Moy, cn, P, and
0, as adjustable parameters, where the last two are normally
considered nuisance parameters and the M can be either nuisance
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or used to understand differences in the central galaxy of the
systems.

To exemplify the contributions of each term to the final profile,
we have plotted them for a typical set of clusters of mass M, =
104Meo, exy = 3, with p.. = 0.9, ooff = 0.42/hMpc and
My = .5 x 10"®M,, (Fig. 4.7) and, as validation, the results of
its computational implementation were contrasted to examples in
the literature [Ford et al., 2015, Johnston et al., 2007], yielding
satisfactory results.

18 Signal CMeasurement

As we claimed in the first paragraphs of this chapter, in cross-
correlation lensing analysis, the signal is measured out of many
stacked systems and in order to have more homogeneous
subgroups, we must define suitable groups of systems to stack.
Since the cluster observables may depend on the redshift and the
cluster mass profile is strongly correlated with richness, these are
the two quantities that must be taken into account first. Then,
we further subdivide these groups into final stacks based on
magnitude gaps as we want to correlate populations of different
gaps with the other observables we have access to.

We have, then, divided the full 1502 cluster sample into a total
of 18 categories®, with 3 redshift divisions, ([0.15,0.4], [0.4, 0.6],
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Figure 4.7: Test of the full model showing
the individual contributions of the
miscentered clusters, the corre¢tly centred
ones, the two-halo term, and the baryonic
mass of the central galaxy.

¢ for each sele&ion criterion: AM7_o or

AMyi_2
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E@y“fﬁj‘lmb” of systems in each stack AMi_o Ab<z2<04 4<2z<.6 6 <z<.75
A > 30 < -1.5 7 12 7
[-1.5,0.75] 19 37 61
[-0.75,0] 27 53 74
A< 30 <-15 21 39 231
[—1.5,0.75] 64 134 181
[—0.75,0] 85 197 318
E;bgﬁii“mb“ of systems in each stack AM_4 Ab<z< 4 A4<z2<.6 6 <z<.75
A > 30 <=2 9 17 8
[-2,-1] 33 59 92
[-1,0] 13 32 56
A< 30 <=2 36 455 56
[—2,—1] 109 233 340
[-1,0] 32 102 191

and [0.6, 0.75]) and two richness divisions(30 < A < 130 and
15 < A < 30) and finally, each of these bins are further divided

into 3 magnitude gap classes, taking into account both different

methods previously suggested (AM;_5(4) can be seen in figure
4.8 & table 4.1(4.2)). Due to the low number of systems when
considering these many subdivisions, we could not separate fossils

from each subgroup, so we relax the requirement to a smaller

magnitude gap to have qualitative comparison of the physical

observables against the size of the gap in general.

e For AM;_5 we have divided into AM;_» < —1.5 (High
Delta), —1.5 < AM;_5 < 0.75 (Medium Delta), and
—0.75 < AM;_5 < 0 (Low Delta).

* For AM;_, we have divided into AM;_4 < —2 (High Delta),
—2 < AM;_4 < —1 (Medium Delta), and —1 < AM;_4 < 0
(Low Delta).

Having separated the stacks of objects, the weak lensing shear

signal can been measured by averaging the tangential ellipticity in

concentric rings around cluster centres. The averaged tangential

ellipticities, however, do not trace the shear dire¢tly, but actually

the reduced shear, as we have previously discussed (eq. 3.22). So,

if e;; is the ellipticity of the i-th galaxy around the j-th cluster,

as shown by Mandelbaum [2006], a proper estimator for AY

calculated from the weighted average of ellipticities and identical
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Figure 4.8: The division of the full sample
into sub-samples of coherent richness and

halOS haS a second Order Contribution redshifts are then divided into classes of
magnitude gaps. On the course of this work,
we display consistently smaller gaps as blue,

— larger gaps as red and intermediate as green.
AE — AE + AE E Lz (4. 33) Richness will always be higher in upper
panels and redshift higher on the right.
with

(Serie)

crit
(i)

however, as argued by [Ford et al., 2015] the effeét of the
second term is only barely noticeable, and only of ~ 10%, in the
innermost radii, because the weak lensing regime starts to break
down and then the approximation g ~ < is no longer valid. As
we do not have, in our data, enough signal to discriminate to that
level, specially in the inner regions, we have chosen to estimate

the signal from the data following a simpler model as Shan et al.
[2015]:

L, = (4.34)

e D W€ it
l, l,sCtHceritl,s
AY = & :
ZZ,S wlas

(4.35)
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7 Attention must be given to units. Since the
angular distances will be given in Mpc and
we want the result in solar masses, we use

G = 4.302 x 10-9M" (km/s)>Mpc and
¢ =3 x 10%km/s.

8 As suggested by a member of the
collaboration in private communication.

with weights given by w; s = w1 s "where w; is a Lensfit
weight due to intrinsic and measurement quality scatter.

The procedure now is to first set apart a region of 10Mpc/h
around each cluster from which we draw background objects,
defined by having a redshift z; > 1.1z4 + 0.15%, then to calculate
Yerit for each pair galaxy-background source. The ellipticities
for each source are then transformed from the el = Dec,
e2 = —RA coordinate system into polar coordinates around the
cluster centre, which gives us tangential and cross ellipticities of
the sources.

We now have €3, for each lens-source pair, and proceed
to stack them combined into 6 logarithmically spaced annuli
determined in physical radii. We have chosen the number
of radial bins to be 6 by testing many configurations -
most of the problems encountered while trying more radial
bins is due to difficulty in innermost radii. The annuli
that have been defined are those between the limits ~
0.11,0.23,0.48, 1.00, 2.09, 4.36,9.12] A~ Mpc.

Each of these radial bins have its AY measured by eq. 4.35,
which count as a single data point for the stack at the bin centre.
The resulting galaxy densities show some decrease with radius,
which could denote contamination at inner radii, or border
effects. The effe¢t of contamination by cluster or foreground
galaxies as background should diminish the signal, as they are not
affected by lensing by stack members. We have, however, tested
deeper cuts, such as z; > 1.124 + 0.25, all of which resulted only
in weaker statistics.

We have also measured the AY,, cross terms concomitantly to
check for systematic errors, alignments and miscentering effets,

as cross ellipticities are not expected from radial mass distributions
[Schneider, 2006].

1.9 Monte Carlo CMarkov Chain Fitting of
the Signal

After obtaining the data signal, as described above, we have
turned to investigating the probability distribution of the model
parameters that describe the data for each of the 36 stacks.



Generally, the posterior probability distribution of the
parameters is proportional to the likelihood and the prior as

P(O|AY) x L(AY|O;2) x P(©), (4.36)

where © = Moy, €200, Pec; Oof £, Mo are the parameters.

The parameters M., cy, My,0,f¢, and p.. have been modelled
to have multivariate Gaussian likelihoods for a given average
redshift of the ensemble 2. It is computationally practical to use
the logarithm of the likelihood (log-likelihood), which is given by
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(4.37)

—_— 2
AY(R;)) — AY% oy (Ri| My, ey, 2)
1 NFW ? ’
In [Lvpw (M, ex, 2)] = =5 ) [ o2
; Ay,

To that we must add the logarithm of funétions defining our
priors. We have used flat, or uninformative, priors to constrain
the space of parameters into acceptable values, which are given
in table 4.3. The choice of flat priors, which differs from current
practice on the literature [Johnston et al., 2007], was taken not
only for simplicity, but also to investigate both the model and
the data - in chapter 6, we discuss the future application of more
restrictive priors.

These flat priors can be, in practice, implemented as funétions
that return zero inside the permissible interval and —o0” outside,
constraining the likelihood into these regions.

The logarithm of the posterior probability is then given by

In[P(O]AY)] = In | Ly rw (AX]O: z)} +LIn[P(O)], (4.38)

which can then be probed by Monte Carlo methods. We use
as parameters for the masses log M and log M., in practice, as
they can span over more than two orders of magnitude, and this
prevents some possible computational problems.

To minimise the effet of preconceptions, and to test these
models in preparation for future surveys, we have employed three
different models to fit the signal by defining the number of free
parameters: one full model, leaving all the previously described
5 parameters free, one with o,ry = 0.42hMpc, taken from
Johnston et al. [2007]", and the one with both o, as before and

? Modern high-level programming languages,
such as PYTHON 3 normally provide infinite
constants that can be used safely.

19 Johnston et al. [2007] justifies the value
for o, ¢ by simulations, taking into account
misidentification of central galaxies by the
maxBCG algorithm. Whether the same
number is applicable to redMaPPer, a direct
descendant of maxBCG, is questionable, but
is not expe&ed to largely differ in practice.



100 MAGNITUDE GAPS AND THE PHYSICAL PROPERTIES OF GALAXY SYSTEMS

no baryonic mass of the central galaxy (M, = 0). Despite using
several different models we will not, at this time, present model
comparisons using full Bayesian evidences.

Finally, we note that these choices result in a total of 108 fits,
but only modestly foreshadow future computational demands,
where surveys will probe hundred thousands of clusters (e.g.
Benitez et al. [2015]).

Table 43 Priors used with the MCMC. Parameter Range

When absent, the method is equivalent to a

0 p prior on the exact value. lOg(Mc) [10 16]
log(M,) [10, 14]
CN [O 1 20]
Pec [0,1]
Op ff [O 1 0. 9]

To probe the posterior probability distributions of the
parameters, we have employed EMCEE [Foreman-Mackey et al.,
2013], which is a python implementation of Goodman and Weare
[2010]'s Afhine Invariant Markov chain Monte Carlo ensemble
sampler. It defines a set of walkers that build Markov chains while
updating the proposal distribution depending on results from
each other. By doing so, the algorithm can be easily parallelised
to improve performance and map the posterior likelihood with
lesser steps.

The walkers have been initialised by random choice inside balls
around "fiducial" values for each of the parameters The choice
of these values, however, do not compromise the method if we
use large enough chains. These initial "fiducial” values were:
log Mooy = 14, co00 = 3, Dee = ., Ooff = 4, and
log My = 11, where the parameters were free, with balls defined
as 10% of each value. We have used 256 walkers with 1000 steps,
for a total of 256000 chain links in the parameter space for each
fit. Using a Xeon processor with 12 cores and 32 GiB of RAM,
each fit was performed in around 1800 seconds. This highlights
the computational cost for future uses, even though there still is
plenty of room for improvement in the code.

In order to define a region from the chain from which we draw
the mapped likelihood sample, we must define a burn-in in the
initial seGtion of the chains, to get rid of any influence of the
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choice of starting positions of the walkers. We have chosen to
discard an overly conservative first 20% of the chains as burn-in,
which was determined to be enough by inspecting the chains.

410 Luminosities

lell Figure 4.9: The difference between the
2.0 = T T ; redMaPPer calculated i-band luminosity and

the ones calculated by our absolute i band
® magnitudes. The difference occurs because
of different luminosity distances owing to
different cosmological parameters. This
;JQ 1.5} 1 comparison has been used to correct for full
° cluster luminosities.
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Finally, we have attempted to use the luminosity information
from the redMaPPer catalogue to add tests we could do to our
data. However, measuring precise luminosities is a difficult task,
because estimates will strongly depend on distance measures,
which are dependent of cosmology. As a highlight of this, the
luminosities used in this work, which come from the redMaPPer
catalogue, have been compared to luminosities calculated by the
absolute magnitudes by

L =107040M=Mo)p, (4.39)

using table 1.1, in the concordance column, for the
cosmological parameters. It was found that they differ on a small
multiplicative factor, for which different distance scales can be an
explanation (Fig. 4.9). Consequently, the luminosities used in this
work, as their derived quantities are to be used only in comparison
between different stacks in this work, and not outside this scope.






5
‘Results and ‘Discussions

THE RESULTS OF THE WORK PREVIOUSLY DESCRIBED are
presented below, first the measurements of the radial averaged
ellipticity profiles (AY) and then the parameter posterior
distribution estimation through MCMC. These results are divided
first by magnitude gap determination method' and then into the
redshift and richness bins as described in tables 4.1 & 4.2. We
have kept the pattern of these tables using in both future tables
and figures below the same placement: higher(lower) cells depict
higher(lower) richness ensembles and from left to right, increasing
redshift bins. As in figure 4.8, we have kept the colour code of
larger magnitude gaps as red, medium magnitude gaps as green
and small magnitude gaps as blue. After presenting the main
parametric results, we discuss the investigation of relationships
between obtained parameter distributions.

s CMeasurements

We have measured A in the 6 previously described physical
radial bins, ranging from the inner part of clusters in ~ 100kpc
to their vicinity, as far as~ 10Mpc. The results are displayed
in Figure 5.1 upper and lower panels for AM;_9 and AM;_4
respectively. From these plots, we see that not all radial shear
measurements scale as the general shape of halo radial profiles
we have described in the seCtion seGtion Ze role of Cosmology
in Galaxy systems of chapter 2, with a steepening slope from the
centre to the outer radii. Instead, some radial profiles display
drops or steep hikes in the inner radii as we see in some of the
plots, specially those with high redshift systems.

! Either AM1_9 or AMy4
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% as explained in chapter 4, we discard an
initial fration of the Markov chain as "burn-
in" to delete any effects of the choice of
initial position of the walkers

Preliminary tests have suggested that this may happen due to
three different fattors: first, the lower number of background
source galaxies in the inner radii, leading to worse statistics,
even though they are expected to have greater signal [Schneider,
2006], chance alignments of some systems, from which effects
may not cancel out sufficiently for the number of clusters used in
the poorer stacks, and large miscentered fractions of the systems
belonging to a stack.

The cross ellipticity components have been also measured to
search for systematic errors and yielded satisfactory results, being
compatible with zero in most cases. In case which it deviated from
zero, always less than two sigma, it did not display any particular
bias, what could be indicative of relevant systematic errors in the
method [Schneider, 2006, Bartelmann and Schneider, 2001].

s2 Parameter Estimation

We have performed the aforementioned MCMC exploration of
the posterior distribution of the parameter space for the total of
36 (3 redshift, 2 richness bins, divided in three magnitude gap
groups by AM;_5 or by AM;_, ) stacks in 3 different models
(a total of 108 fits), as described in chapter 4, with 5, 4 and 3
parameters. This results in a large colle€tion of data with a total
of 432 multidimensional posteriors, each of them represented by
a Markov chain with 204800 links, as a result of using the 256
walkers in 1000 steps and discarding the first 20% as burn-in®.

We have calculated medians and the 16™ and 84™ percentiles
level to represent best fit candidates and regions of 68%
confidence, respectively, which represent more robust statistics
than maximum likelihood estimators. These numbers and the
averages for the redMaPPer catalogue-derived parameters (mean
redshift, mean richness, mean luminosity for each stack) are
displayed in full on the tables in the end of this section (Tables
5.1 & 5.2).

As there were no qualitative differences between the stacks as
divided by AM;_5 or AM;_4 a priori, we will focus on AM;_
in the next section to discuss the significance of our results. We
also concentrate on the first two redshift bins, which results in
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Figure 5.1: Results for the tangential shear
in logarithmically spaced radial bins for the

AM; _5(4) defined stacks. From left to

right, increasing redshift bins and from up
to down, decreasing redMaPPer richness A
bins. The small lower panel in each of the 6
groups is the results for the cross shear.The 6
upper panels are AM1_2, and the 6 lower

AMi_y4
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3 In fa&, they become outliers when put
together in the comparisons

discarding most of the systems, but as their background source
counts are low, they result in less defined posteriors.’

Observing the distribution for masses and concentrations, more
constrained models result in slightly better defined parameters,
with narrower 68%CL regions. This is to be expected, as the
information content of the data is divided between adjusted

parameters.

M,

Figure 5.2: Example of a triangle plot for the
5 parameter model for the low redshift, low
richness, middle magnitude gap stack. The
whole result gallery with triangle plots and
fit results as below for each of the fits will be
made available online, together with the code
as mentioned before.
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To illustrate the results of the results of the fitting procedure, we
display as an example of a so called #riangle plot, that combines all
2D histograms of pairs of parameters for a single fit to represent
the full multidimensional posterior distribution. We have chosen

to display for that the low-richness, low-redshift, AM;_5 defined,
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high magnitude gap bin in figure (Fig. 5.2 ). Some charateristics
of the model that these plots suggest in general are that taking
lower fractions of corre&tly centred clusters, the median inferred
mass is higher, what illustrates an example of the degeneracies
present in the model, and that choosing higher masses will result
in higher concentrations.

5—Parameter NFW fit for n =63 low richness,AM,_, <0.5, systems at mean redshift Z=0.38
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3—Parameter NFW fit for n =63 low richness,AM,_, <0.5, systems at mean redshift z=0.38
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Figure 5.3: Example fit of the 5-parameter
model into the low redshift, low richness,

We also present two examples of fits can be seen in the upper small AM, s stack. The colour curves are

partial contributions to the overall profile,

and lower figure 5.3 to understand the contribution of each factor B e e Dol
in the full model (Eq 4. 3 2) gray curves a random sample of parameters

drawn from their posterior probabilities
distributions
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Mg 175767 10175 ¢ 27.87 700 Moo 2.077°% 6755 8.3755 Moo 0.970-9 3.777°% 557570
+6.0 +6.5 +4.5 +5.2 +5.2 +6.0 +6.9 +3.2 +4.9
s 0 €200 9.970% 9.273% 75753 c200 12,6727 12.172°5 9.27 09 c200 9.67¢3 15.57%°5 13.0075°%
cor +6.0 +6.2 +4.7 cor +5.2 +5.9 +6.8 cor +6.9 +3.7 +5.8
585 9.97 8.87 3% 79754 586 12,677 18.772°7 10.57 7 5806 9.67¢3 175757 15.370°3
+0.34 +0.26 +0.20 +0.25 +0.24 +0.32 2+0.37 +0.17 +0.24
Pee 0.427 5755 | 0621456 | 0-2415°75 Pee 0.657 5733 | 06475755 | 04614755 Pee 04379731 | 076 ¢35 | 064 0156
z 0.38 0.25 0.35 z 0.53 0.54 0.59 z 0.72 0.74 0.73
X 36.29 46.80 48.54 Y 41.85 41.65 42.53 X 42.92 41.64 44.18
L 26.73 34.24 32.24 L 29.70 31.06 30.41 L 34.38 30.74 31.72
AMy_g < —-1.5 [-1.5, [-0.75,0] AMq_o < —1.5 [—1.5, [-0.75, 0] AMq_o < —1.5 [-1.5, [-0.75,0]
—0.75] —0.75] —0.75]
Magg 43720 116759 | 56722 Magg 38733 172 65755 Magg 0.3%2% 19709 6.5730
5.7 7.4 7.9 5.6 5.3 5.4 ,F7.4 3.3 6.5
N €200 11,0737 | 8otTS 6.6779 €200 115738 | 122753 | 62758 €200 9.217-2 153733 1 108785
cor +5.7 +8.1 +8.1 cor +5.6 +4.9 +5.7 cor +7.4 +3.9 +8.
585 11.072 9.875 5 6.873 585 115723 114757 6.675 7 586 9.2 75 18.07 ¢ 14275
+0.31 2-+0.35 +0.28 .4-0.30 .510.26 +0.33 +0.38 +0.16 40.32
Pee 0.517 555 | 0.357 076 | 0.59T 55 Pee 0.567 050 | 0.6275¢ | 0.42T 0y Pee 0.427 550 | 0.77 000 | 0.19T 75
z 0.40 0.38 0.37 z 0.50 0.59 0.59 z 0.70 0.71 0.72
X 19.98 21.24 20.47 X 20.80 19.96 19.79 X 20.24 20.21 20.28
L 14.60 15.51 14.80 L 16.19 14.40 14.77 L 16.43 15.10 14.52
02<2<04 04<2<0.6 0.6 <z <0.75

Table 5.1: Marginalised median values
for the parameters with 16% and 84™

percentiles, together with averages in z,

Xand L. Magp in 103Mg, My in

1011M@, and L in 1010L@, for the 3

models (up: Full,mid: 0,55 = 0.42h,low:

and Mo = 0)
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AMq_4 < -2 [—2, —1] [—1,0] AMq_y4 < -2 [—2, —1] [—1,0] AMq_y4 < -2 [—2, —1] [—1,0]
Mago 1097209 | a7 73t | 7aF8 Magg 3.7132 ERRA 27773 Magg 26772 77t 10,97 %7
o | 7etSS | retSl | eatTh g | metBE | aetTE | astSS g | 102708 [ artSl | retTd
gp | retSS | sot8d | aotTh g | motBE | eatS0 | oabST g | aoab0 | eot00 | g gta
230 g, 0ast0 8 | 0asth8 | 0artdl e 0ortd2 | oaths | oasthl0 o 0554032 | 02rtha2 | o.ait0 0
“off 0.6270:37 | 0.65703% | 0.48¥G38 cots 0500 38 | 03433 | 057055 ots 0.49T0 38 | 0.43T0:30 | 0.537037
My 1497745 | 1137783 | 571383 Mg 57.07884 | 1.6F33,0 | 317238 Mo 38772108 101144 | 50F5L2
z 0.25 0.35 0.36 z 0.53 0.54 0.59 z 0.72 0.73 0.68
X 35.47 48.93 46.97 Y 40.94 41.96 42.81 Y 40.03 42.62 43.37
L 25.76 34.19 30.69 L 29.36 30.97 30.36 L 30.78 31.56 30.79
AMq_4 < -2 [—2, —1] [—1,0] AMq_4 < -2 [—2, —1] [—1,0] AMq_4 < -2 [—2, —1] [—1,0]
Magg 152775 | 65739 12,9792 Magg 19721 1atls 3.3753 Magg 06732 0.8ty L 1317128
€200 75771 6.775 6.577-% €200 9.615-8 100739 | 06788 €200 9.875-7 10.4F85 | 50178
<585 Totis | e2t3E | eatiE <585 90.67¢% | 9.8¥F5 | 10atfy 8% 90.8%G % | 107EGE | 6oty
NS 0164022 | 0.aot0 B | 0art83s 0504092 | 050t0 2 | 050t02 o 0504034 | 0544032 | 0.14+030
ofs 0.40%0:35 | 052705 | 0.40%5:33 Soff 0.517535 | 044053 | 0547050 off 0.5150:57 | 0507558 | 0457535
M 241176 | 97 #1800 |, 61109 My 6.413%7 | 581310 | 9657908 M 431373 | 10.8¥35-0 1 14192
z 0.40 0.38 0.37 z 0.55 0.59 0.59 z 0.73 0.71 0.66
X 19.99 20.94 20.66 Y 20.24 20.03 19.92 X 20.04 20.31 20.55
L 15.46 15.06 14.50 L 15.52 14.79 14.20 L 16.27 15.07 14.03
AMq_4 < -2 [—2, —1] [—1,0] AMq_y4 < -2 [—2, —1] [—1,0] AM{_y < -2 [—2, —1] [-1,0]
Moo | 13783 | astS? | matl08 a1l | estiS | satds O T R A e &
€200 9.2163 6.0730 91172 €200 109789 | 103759 | 72789 €200 105785 | 126733 | 76778
[N 1 13 02805 | eotyy | 9sTLg <535 0055 | 1etgs | satiy <585 w0585 | 1arEgE | r02B?
0aat03t | omt0 20| o uthas 0361038 | 0at0 30 | 0ugtBE 0504038 | 0.56¥030 | .42¥030
My 3.27290 | 2.0F158 | 12759 Mg 12151587 381361 | o gF28:4 Mo 259271238 103.2157-8 5 g+26:0
z 0.25 0.35 0.36 z 0.53 0.54 0.59 z 0.72 0.73 0.68
X 35.47 48.93 46.97 Y 40.94 41.96 42.81 Y 40.03 42.62 43.37
L 25.76 34.19 30.69 L 29.36 30.97 30.36 L 30.78 31.56 30.79
AMq_4 < -2 [-2,—1] [—1,0] AM{_y < -2 [—2, —1] [—1,0] AMy_y4 < -2 [-2, —1] [—1,0]
Magg 7.275-3 5.312:8 116758 Magg 3.313-9 3.6121 16133 Magg 0.279-9 11713 511758
€200 117753 | astSl 57173 €200 107788 | 74162 58763 €200 102767 | 112758 | 7789
wew 5| nrtsd Laatil LeofTS g | aortSl | at82 | eotSd g | a0970T | aaatd | ertit:
pee | 00903 | 0rot82 | oathan L | oast03t] osatBa ] owthi | oarth| 0sst03L| 0nt0az
Mo 2673 | oot | st 2t |t 2t g 3537 | aost Y| 19
z 0.40 0.38 0.37 z 0.55 0.59 0.59 z 0.73 0.71 0.66
X 19.99 20.94 20.66 Y 20.24 20.03 19.92 X 20.04 20.31 20.55
L 15.46 15.06 14.50 L 15.52 14.79 14.20 L 16.27 15.07 14.03
AMq_y4 < -2 [—2, —1] [—1,0] AMy_4 < -2 [—2, —1] [—1,0] AM_y4 < -2 [—2, —1] [—1,0]
Mago 13.0789 | 146750 | 3207197 Magg 48727 6.5737 8.3753 Magg 3.9751 3.9172:9 7.475:S
€200 9.6162 72759 9.877-9 €200 147788 1 113158 | 78788 €200 134787 | 155732 | g4FT 0
A > 30 585 9.6762 73751 106778 585 147788 1 116758 | 81t 585 134787 | 155733 | g0T8
0arth i | 0oet020 | 0a0t0E0 e oratdls | 0sst0 T | 00t e 00702 | oratlE | 0.ast0 0
z 0.25 0.35 0.36 z 0.53 0.54 0.59 z 0.72 0.73 0.68
X 35.47 48.93 46.97 Y 40.94 41.96 42.81 X 40.03 42.62 43.37
L 25.76 34.19 30.69 L 29.36 30.97 30.36 L 30.78 31.56 30.79
AMq_4 < -2 [—2, —1] [—1,0] AMq_y4 < -2 [—2, —1] [—1,0] AMy_y4 < -2 [—2, —1] [—1,0]
Moo | 00td2 | w9t | matGT aage | 5733 [ eot2l | eIl ameo | 02ty | aeth2 | satad
€200 122759 | 61772 61175 €200 109762 | 77762 6.5752 €200 106782 | 138733 | 73799
A3 eggh 122755 | eofly | eatis 565 w0.0t87 | 77rgs | eet33 <585 067575 | 16.0%55 | 0.7 g%e
T I IR = o I " SO IPPECE  Cf IINRC % O I IR AEE & e
z 0.40 0.38 0.37 z 0.55 0.59 0.59 z 0.73 0.71 0.66
X 19.99 20.94 20.66 X 20.24 20.03 19.92 X 20.04 20.31 20.55
15.46 15.06 14.50 L 15.52 14.79 14.20 L 16.27 15.07 14.03
0.2<2<0.4 0.4 < 2z<0.6 0.6 < z < 0.75

Table 5.2: Marginalised median values

for the parameters with 16 and 84
percentiles, together with averages in z,

A and L. Msqg in 1013M@, My in

10" Mg, and L in 101°Lg), for the 3
models (up: Full,mid: 0,77 = 0.42h,low:
and Mg = 0)
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53 CModel Comparison

The different models, with 5, 4, or 3 parameters, have been looked
into by comparing the median values and percentiles calculated
from the posterior distributions. By looking at the tables 5.1 &
5.2 one can see that there is no distinguishable difference between
the three models. For an example, we look into the masses and
concentrations of two examples of stacks under the three models,

which are displayed in the table 5.3.

Full Model 0,1 =-42/hMpc 0,p=-42/hMpc, M, =0
10' | 10" | b 10' |
e g =]
< &' &'
100 L L ! 100 ! ! ! 100 ! ! L
13.0 13.5 14.0 14.5 15.0 13.0 13.5 14.0 14.5 15.0 13.0 13.5 14.0 145 15.0
log My, log My, log My,
Full Model o,pp=-42/hMpc 7,y =-42/hMpc, My =0
—= ~ T ; < : .

10"

€200

10°

10" 10" b

€200
Ca00

10° 10°

13.0 13,5 14.0 14.5
log My

Figure 5.4: 2D histograms depited by
curves at half-maximum and 1/4 maximum
for comparison between different models.
On the upper panel, it is shown the
AM1_2 sele&ed, large magnitude gap, high
A, low z stack. On the lower, everything the
same, but with the low A stack.

15.0 13.0 13.5 14.0 14.5 15.0 13.0 13.5 14.0 14.5 15.0
log My, log My,

We also illustrate some differences in the models comparing 2D
histograms for mass and concentrations in the AM;_5 defined
stacks in figure (5.4). This figure displays only the first 2 redshift
divisions comparing the full 5 parameter model with the 4
parameter model that has constrained charateristic miscentering

length o,¢r = 0.42 h Mpc.
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This change does not alter significantly the results, but in the
high-richness, low redshift, stacks (upper right) pair of panels, the
small gap stacks tend to display a shift to higher concentrations
when the miscentering length is fixed.

S parameter 4 parameter 3 parameter Table 5.3: Comparison between quantiles

out of different models, showing no

Large AM;_9, low z, high A significant difference
Masses [1014M | 16159 18501 1.8%59
Concentrations 8.9f2:g 9.6J_ri:§ 9.91‘2:2
Small AM;_o, low z, low A
Masses [1014M@] 5.71’38 4.91_?1’:(; 5.61_%2
Concentrations 5.1:6,):3 4.6J_r?7):f’) 6.6f;g

Overall, the models seems compatible one between another,
however, a full model comparison was left for future work.
The data does have low SNR we do not foresee that to yield
a definitive better model. This and alternatives will be better
discussed in the last chapter 6.

s4 CMasses ¢ Concentrations

Mass Concentration Mass Concentration Mass Concentration

[ High Delta [ High Delta
[ Mid Delta
[ Low Delta

—
60000 [ Mid Delta —

1 Low Delta || 35000|

High Delta
10000 10000 Mid Delta ]
Low Delta

50000
8000
40000
6000
30000
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20000

10000 2000

Concentration

Concentration Mass Concentration
[ High Delta [ High Delta
[ Mid Delta [ Mid Delta
3 Low Delta [ Low Delta
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50000 12000

40000

30000
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40000
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30000 20000
6000
15000 20000}
20000

4000
10000

10000) 10000
5000 2000)

Figure 5.5: Posterior distributions for
masses and concentrations of all stacks
for AMj_2, in the 3 parameter model.

The mass and concentration posterior distributions represents

the first objective result of this work (Fig. 5.5) . It is usually the Each pair mass/concentration side by side
represent a bin in richness and redshift, with

case that masses are better constrained with weak lensing studies colours distinguishing berween magnitude
gaps.

than concentrations, as many other effects, such as miscentering,
can introduce biases in concentrations and the radial position of
the scale radius r; is harder to constrain than the overall curve
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Figure 5.6: Masses and concentrations for
the 2 lower redshift bins, using 5 and 3
parameters. The gray lines in the background
are indications of the slope of the Duffy

¢ — M relation Duffy et al. [2008]

height. All of the posteriors obtained for masses look sharp in
logarithmic units of solar masses on the plots, relatively to the
very wide priors adopted. The concentration parameters, on the
other hand, display spread out posteriors. with peaks in lower
values, but long, non-vanishing tails towards higher values, as the
algorithm did not distinguish between concentrations and other
effects. Converting masses back to the linear scale, however, we
find that the average relative size of the 68%CL regions is roughly
the same for both C200 and MQOO, with <50200/6200> = 0.22 and
<5M200/M200> = (0.24.

The masses and concentrations we have obtained were
compared to the c— M relation of Dufly et al. [2008], as displayed
in Fig. 5.6. For AM,_5 the copp and My are moderately
correlated within the 3-parameter model (Spearman p =
—0.56,p = 0.06), but slightly less so with 4 or 5 parameters,

(p = —0.49,p = 0.10) and (p = —0.50,p = 0.09), respectively.
For A M _4, this correlation weakens considerably and reverses
the tendency of diminishing in models with higher degrees of
freedom with (p = —0.09,p = 0.78), (p = —0.26,p = 0.41),
and(p = —0.42,p = 0.17) for 3, 4, and 5 parameter models
respectively.

3 parameter model 5 parameter model
) \i\
| —
L
° °
S S
il <
(] L ! ! 0 L ! !
101011 1012 1013 1014 1015 101011 1012 1013 1014 1015
Moy M) Magy [M ]

Using the Dufty et al. [2008] ¢ — M relation, we have calculated

correted parameter distributions for the concentrations for each
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A X z set, by using:

M —0.13
Lo — 200 ( 200) : (51)
200 MQOO

where, for each set, we corre&t the intermediate and small AM
concentrations by the mass (M) of the one with the largest
AM, so that concentrations can be compared in "equal-mass
frame". Then, we have calculated the distribution of differences of
corr

randomly seleted pairs of random draws of the c5" distributions

% a¢tually by counting how many results we

between the members of the set in all combinations (Fig. 5.7). have above zero
We integrate these distributions in [0, 0o]* to calculate the
overall probability that the first quantity is larger than the second,
to see how probable it is, from the data that samples with larger
average magnitude gaps display larger average concentrations.
In most cases, the high-low difference probability tends to be
closer to the middle-low difference, whereas the high-middle
concentration difference distribution seemed to closer to the
uniform random chance (0.5) that one is higher than the
other (Tb. 5.4). However, none of these probabilities depart
significantly from the average, in a way that would firmly suggest
a difference of concentrations between samples of different
magnitude gaps.

lo

P ey (AM]"9') > esgir (AML 58 (AMI™S') > esgir (AMI?%)] 0.5

CorT

)] - 0.62
)

w
2

mid 1
2

) M p )
A>30 P 'cgggT(AM{”gh) > 5o (AM™EY| - 0.55 | P cgggr(AM{“f’zh) > e (AMd)] - 0.42
P[5 (AM7™Y) > CSSBT(AM{T%)]_ 1057 | P [esgh" (AMY) > 0586”(AMf‘i“é)]_ :0.63
P esgy (AMLS") > et (AMIZ5)] 067 | P e (AM™S") > sty (AMI23)] + 0.72
A<30 P cgggr(AM’”gh) > e (AMd)] 1053 | P cgg{{(AM’”gh) > cgggT(AM{mg) £ 0.52
P [t (AM{) > esgyr (AMI=5)] - 064 | P [esgy (M) > esgir (AMI2y)] - 0.72

02<2<04 04<2<0.6
Table 5.4: Probabilities for the parameters
between two different magnitude gaps

Finally, for the sake of completeness, we have performed Fisher's =~ 212 calculated by integrating the

distribution of differences of random

method [Mosteller and Fisher, 1948] to combine results of draws from the Markov chains, using the
. . . . . . 3-parameter (0,75 = 0.42hMpc, no CG
different redshifts and richness into a single probability. The baryonic component) model.

method consists in asserting that a colletion of k independent
tests yielding probabilities p; of rejecting the null hypothesis when
it is true, is related to a x? distribution with 2k degrees of freedom
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0.00 L

—20 -15 -10

Figure 5.7: Posterior distributions for masses

and concentrations of all stacks for AM7 _o,

in the 3 parameter model.

Low z, high A

Mid z, high A

—5

through

(5.2)

k
p 2 Zln(pi)

which can then be used to be calculated the new combined

probability by

(5.3)

where y(k, ) is the lower incomplete gamma fun&ion. We
have used our probabilities P; in the table 5.4 to interpret the
p; = 1 — P; as "p-values", and combined them into overall ps
(table below) which remain far from statistically significant.



RESULTS AND DISCUSSIONS

Table 5.5: Probabilities for rejeting one of corr high corr low _

c AM c AM = 0.60
the 4 null-hypotheses given that it is true of 200 ( 1f2 ) < €200 ( 1_2) p
each set of concentration differences for each 05867 (A M 1hi‘72h) < 05867 (AM{Tg) p= 0.32

of the sets of concentration differences.

o500 (AM™) < es5 (AM{S)  p = 0.59

ss System Luminosities and M | L

Finally, we have investigated luminosities and mass-to-light
ratios of systems following Khosroshahi et al. [2007], Pro¢tor
etal. [2011], in order search for differences between the larger
and smaller magnitude gap populations. Using the calculated
Mg we divide by the average i-band luminosity of each stack
to look for any peculiarity among different stacks in magnitude
gaps. We have not found any substantial differences between the
populations. In the figure 5.8 we rank together all 3 different
tracers of mass to each other.

115

10" : 10°

1012 |

L)
L]
A

-+t

101 [

10"

10"

1613 1614

Mag [M 5]

.
10! 10° 10"

Figure 5.8: Results for the 3 main tracers of

system mass: the Mago from weak lensing

measurements, the average redMaPPer

Luminosities are highly correlated with richness (p = 0.94,p =
0.01), as one would expect not only since they are intrinsically 1;2;2;? A, also from the redMaPPer
connected, but also because luminosity is one of the filters of the
redMaPPer algorithm, which tries to optimise member selection
so that the richness A is related to the mass. Between the other
two mass tracers, Mo

Luminosities and richness, unlike the other stack derived
parameters, can be diretly compared to magnitude gaps object
by objedt, as they are given by the redmapper catalogue. However

no significant correlation was found between the two variables

richness A for each stacks, and the average
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Figure 5.9: Plot for all objects, magnitude
gap AM1_2 by i-band luminosity by
redMaPPer.

0 20 40 60 80 100

(p = —0.06, p = 0.02).

s6 Previous Literature ‘Results

It is thought that the concentration parameter codifies some
information about the local environment at the time of the
collapse of halos and, consequently, information of their
formation epoch [Khosroshahi et al., 2007, Navarro et al.,
1995]. Accordingly, we expect that if magnitude gaps are
indeed indicators of earlier mass accretion bias, that a higher
magnitude gap would be correlated to higher concentrations,
as concentration tends to be higher in dark matter halos with
early formation epochs. After analysing our data, we do not find
evidence neither to support nor to rule out these statements.
As it can be seen in figure 5.10, our points are placed in the
middle way between the more massive clusters and the ¢ — M
relations used by Khosroshahi et al. [2007], and the largest of
the fossil groups. As our largest magnitude gap samples were
not selected as optical fossil candidates, but only by having
larger magnitude gaps among the total set, it is possible that
they represent transitional ensembles between fossils and non-
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fossils, on the concentration excess scale. However, our data is not
statistically significant to direétly support these affirmations.

For mass-to-light ratios, there has been confli¢ting findings
for fossil groups. [Vikhlinin et al., 1999], for example, finds
high mass-to-light ratios for OLEGs (Overluminous elliptical
galaxies), while Khosroshahi et al. [2004, 2007] found ratios
that even if in the upper envelope of the distribution, are not
altogether exceptional. As before, we find no evidence to support
a correlation between magnitude gaps and higher M/L ratios.

s7 A Note on Miscentering and Central

‘Baryonic Component

The issue of cluster miscentering is of central importance in cross-
correlation lensing studies. As seen in figure 4.7 on chapter 4

and in the literature [Ford et al., 2015, Johnston et al., 2007,
Shan et al., 2015] a combination of miscentered profiles will

alter the shear map radial distribution shape, lowering the inner
radii average shears. As a result, large fractions of miscentered
clusters will add important effets on the overall profile - and
therefore on inferred mass and concentrations. For an example
of crucial importance in this work, miscentering can mimic lower
concentration values for NFW models [Ford et al., 2015].

..1‘.013 .

|
1014 1015

log M (Mg)

Figure 5.10: The ¢ — M relation of
Khosroshahi et al. [2007], Left: caption
from the original: Comparison between

the mass concentration in fossils and non-
fossil groups and clusters. Three fossils

with resolved temperature profile and two
isolated OLEGs (diamonds) are compared
with non-fossil clusters (open squares) from
Pratt and Arnaud [2005]. The expe&ted
values of the dark matter concentration and
its variation with the halo mass from the
numerical studies of Dolag et al. [2004] and
Bullock et al. [2001] also are presented. The
reasonable agreement between the non-fossils
mass concentration from Pratt and Arnaud
[2005] with the dark matter concentration
from the study of Dolag et al. [2004] suggest
that the excess concentration in fossils is

due to their dark matter concentrations.

In low mass end, two recent estimates
(90%confidence) for the concentration

of NGC 6482, after accounting for the
baryonic matter (see Humphrey et al. [20006]
for details) are also shown (blue) which again
lie above the numerical expetations.Right:
‘The superimposed points from this work.



118 MAGNITUDE GAPS AND THE PHYSICAL PROPERTIES OF GALAXY SYSTEMS

Figure 5.11: The probability distribution
for the miscentered fradtion is given

by the distribution of correétly centred
probabilities as calculated by the redMaPPer.
The picture shows this distribution for the
whole ensemble, but each stack has its own
distribution calculated.

In the light of these statements, it is tempting to try fitting both
Pec and 0, ¢ ¢ as (non-nuisance) parameters on their own right, as
a means to investigate the issue. However, a strong degeneracy
between the p.. and o,f, and the lack of counts in each stack
limits the constraining power considerably. Furthermore,
projection effects in small stacks can also distort the shape of
the profile in much the same way as miscentering does. This is
expected to be mitigated by larger stacks, as it is a purely random
effe&t, but not in the scale of the this work.

8 I I I I
Bl Qqpy
B Popy

Normed Fraction

p

In the end, as in Johnston et al. [2007], we find very little
power to for these results, and have thus tested for fixed parameter
models. We have tried, however, to investigate the relationship
between the probability of misidentified cluster centre from the
redMaPPer catalogue with the calculated miscentered fraction
parameter for our stacks.

The expected distribution of p..s can be properly evaluated by
a Monte-Carlo method, by sorting out against the redMaPPer
correct centring probability and checking the miscentered objet
fraltion resulting from the tests, much in the same way we tried
at first with magnitude gaps. The redMaPPer catalogue lists two
probabilities for the 5 most-likely CG candidates: Pcgy and
Qcen which are, respectively, the probability of the galaxy being
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the correct centre galaxy, and the same probability, but now
accounting for the fact that the CG may have not been listed as

a cluster member by the algorithm. These second probabilities are
then always lower, and sometimes much lower than the former as
we can see in Fig. 5.11.
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Figure 5.12: The probability distribution

The result of the MC test of the expected distribution of pé\f ¢ = f,oyrtf: i’fﬁi’fﬁffﬁﬁifféfygéliied
0.47(15), taking into account the whole 1502 systems sample s e e
using the galaxy with the highest Qcen as the probability for each  yhole cnsemble but cach scackchasfs own
obje&, agrees closely to the average fitted p.. = 0.48(1) from the
data. As such, we conclude this note by indicating that Qcgn may
better represent the actual probability of a redMaPPer cluster to
be correétly centred, and that the expected fraction of miscentered
clusters in a stack of redMaPPer objects can be well represented by

a normal distribution P(p..) = N (p.. = 0.48, 0, = 0.01).






6

Conclusions and Perspectives

WE CONCLUDE THIS WORK by reviewing its main contents
into few remarks and conclusions, and then we turn to examine
future perspectives that these results suggest us.

After presenting the whole scenario, from the earliest
cosmological times to the formation and evolution of galaxy
systems, we posed the question about whether galaxy systems
with overly dominant central galaxies are a peculiar population or
just statistical outliers. In particular, we have investigated possible
relationships between galaxy system magnitude gaps and masses,
concentrations, and mass-to-light ratios.

From the information we have obtained, we draw the following
conclusions:

* we have found inconclusive evidence on the subject of
magnitude gaps and concentrations; and

* we have not found evidence to support that larger magnitude
gap systems have greater mass-to-light ratios.

Had we found a significant correlation between the magnitude
gaps and concentrations, it would have lent credibility to the idea
that fossil groups and clusters really represent mature structures in
the universe, as it is strongly believed that more relaxed clusters
tend to be more concentrated, because of some of the effects
listed in chapter 2. However, the low number of systems present
difficulties to evaluate their charateristics - a problem that near
future surveys may overcome.

Throughout the course of this work, we have also developed
an acquaintance with the modern technique of cross-correlation
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lensing, and developed prototype software that can be easily
adapted to future work in larger samples, such as that coming
from the future J-PAS cluster catalogue [Benitez et al., 2015].
All the software will be available online with IPyTHON
NoTEBOOKS for easy application and study.

As a next step, we plan to examine more closely the effect of
seleting clusters by Qe from the redMaPPer catalogue on the
fraction of correctly centred clusters p.. in an attempt to constrain
the model to better assess the parameters of our interest, namely
My and cog9. Furthermore, we want to use Bayesian model
comparison to evaluate the better option among the previously
described models, with 3, 4, and 5 parameters.

Another complementary possibility, alternative to cross-
correlation lensing, is to perform a multiple fit to all individual
systems, still divided into redshift bins, simultaneously, where
the log-likelihood is the sum of all the log-likelihoods for each
system, and the fit constrain is a mass-concentration relation. The
collection of these results and whatever finds we may encounter
will be sent for publishing in the near future.
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