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Abstract

Galaxy clusters are powerful tools to study the content and evolution of the Universe. Determining

their abundances as a function of mass and redshift is one of the main observables for current and

forthcoming surveys such as the Dark Energy Survey (DES) and the Large Synoptic Survey Telescope

(LSST). Galaxy clusters act as gravitational lenses producing effects on the background sources such

as shear (weak lensing), magnification and multiple images (strong lensing). The study of these

effects enables us to obtain the mass distribution of the clusters without relying on assumptions

about their physical and dynamical states. A widely used method to obtain average mass estimates

of clusters is based on the measurements of the tangential shear profiles of the background sources,

which can be converted to a projected mass density contrast and fitted by theoretical models,

such as the Navarro-Frenk-White (NFW) profile. In this work we focus on the weak lensing mass

measurements for galaxy clusters in the CFTH Stripe 82 survey (CS82) footprint and identified in the

Sloan Digital Sky Survey (SDSS) by the redMaPPer and the Voronoi Tessellation (VT) algorithms.

We present the first weak lensing calibration of µ?, a new galaxy cluster mass proxy corresponding to

the total stellar mass of red and blue members, in these two cluster samples: 230 redMaPPer clusters

at redshift 0.1 ≤ z < 0.33 and 136 VT clusters at 0.1 ≤ z < 0.6. We use the CS82 shear catalog and

stack the clusters in µ? bins to measure a mass-observable power law relation. We show that our

results are consistent, internally and with the literature, indicating that our method can be applied

to any cluster finding algorithm. In particular, we have seen that µ? is the suitable mass proxy for

VT clusters. Catalogs including µ? measurements will enable its use in studies of galaxy evolution

in clusters and cluster cosmology. In the strong lensing regime we describe how to obtain a mass

estimate for the galaxy clusters through the measurements of the curvature radius of gravitational

arcs. This technique will be applied to systems with arcs in the SOAR Gravitational Arc Survey

(SOGRAS). We also present the preliminary results for stacked weak lensing mass measurements of

a sample of SOGRAS clusters in the CS82 footprint.
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necessária para eu continuar tentando, além das reuniões gastronômicas e momentos de diversão
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Chapter 1

Introduction

Galaxy clusters are the largest and most massive gravitationally bound structures in the Universe.

They are formed by a large number of galaxies (30–300 in rich clusters, usually with one large

elliptical central), hot gas and dark matter evolving in strongly coupled processes. Cluster properties

depend on both the dynamical processes that take place inside them and on the evolution of the

Universe. As such they can be used as a powerful tool to probe its content, to study the formation

and evolution of structures, and to test modified gravity theories [Haiman et al. 2001, Voit 2005,

Allen et al. 2011, Kravtsov and Borgani 2012, Ettori and Meneghetti 2013, Penna-Lima et al. 2014,

Harvey et al. 2015, Menci et al. 2016, Pizzuti et al. 2016]

Galaxy clusters also act as powerful gravitational lenses. Their intense gravitational fields generate

distortions in the shape (shear) of the background galaxies (sources) and may produce giant arcs

and multiple images. The former effect is known as the weak lensing regime and occurs in the outer

regions of the galaxy clusters, and the later, known as strong lensing regime occurs in the central

regions of the clusters. However, the strong lensing effects are rare due to the necessary alignment

between the observer, the intervening matter distribution (i.e. the lenses) and the sources. The

most common effect is due to shear in the weak lensing regime, which is the regime we will focus

on this work. Through this effect we can assess the mass distribution of the galaxy clusters to use

them as cosmological tools [Schneider 2005].

At the depths of ongoing and planned wide-field surveys, it is not possible to measure this signal from

individual clusters, except for the most massive ones. However, we can combine the lensing signal

of a large number of clusters to obtain a higher signal-to-noise. This stacking procedure requires

1



Chapter 1. Introduction 2

the large statistics enabled by wide-field surveys such as the Dark Energy Survey1 (DES; Jarvis

et al. 2016, Melchior et al. 2017), the Canada–France–Hawaii–Telescope (CFHT) Lensing Survey2

[CFHTLens; Velander et al. 2014, Ford et al. 2015, Kettula et al. 2015], the Sloan Digital Sky Survey

[SDSS; Sheldon et al. 2001, Simet et al. 2012, Wiesner et al. 2015, Gonzalez et al. 2017, Simet et al.

2017], and the Kilo-Degree Survey3 [KiDS; de Jong et al. 2013, Kuijken et al. 2015].

Clusters can be identified in several wavelengths such as in X-rays, radio and optical. In particular,

the identification in the optical can be made through the search for overdensities (from matched-

filters to more complex Voronoi tessellations) of multi-band optically detected galaxies. These multi-

band optical cluster catalogs usually provide good cluster photometric redshifts (photo-z), which are

crucial information for weak lensing measurements.

Observationally, galaxy clusters are ranked not by the mass of the halo but by some proxy for

mass. A mass-observable relation must be calibrated in order to make the connection between the

observable and the true halo mass. The technique of stacking the weak lensing signal for many

systems within a given observable interval provides one of the most direct and model independent

ways to accurately calibrate such mass-observable scaling relations. Many efforts have been made

to determine the scaling relations empirically using an observable mass proxy for the cluster mass.

However, comparing the empirical measurements is challenging since there are several methods to

identify the clusters, which lead to different cluster samples, and different definitions of the mass

proxy to be used [Johnston et al. 2007, Oguri 2014, Ford et al. 2015, Wiesner et al. 2015, Simet

et al. 2017].

In this work we use the stacked weak lensing technique on galaxy clusters identified by two different

algorithms to estimate their mass and to obtain the scaling relations for two different mass proxies.

The clusters are identified by the red-sequence Matched-filter Probabilistic Percolation4 [redMaPPer;

Rykoff et al. 2014] optical cluster finder and the geometric Voronoi Tessellation5 algorithm [VT;

Soares-Santos et al. 2011] in the Sloan Digital Sky Survey (SDSS) Stripe 82 region. We use the

weak lensing shear catalog from the CFHT Stripe 82 Survey [CS82; Moraes et al. 2014, Erben et al.

2018], which has excellent image quality and thus we expect our mass estimates to be less affected

by shape systematics than the results obtained from the SDSS data alone (e.g. Gonzalez et al. in

1https://www.darkenergysurvey.org/
2http://www.cfhtlens.org/
3http://kids.strw.leidenuniv.nl/
4https://github.com/erykoff/redmapper, version 0.0.0.0
5https://github.com/soares-santos/vt, v1.11

https://www.darkenergysurvey.org/
http://www.cfhtlens.org/
http://kids.strw.leidenuniv.nl/
https://github.com/erykoff/redmapper
https://github.com/soares-santos/vt
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prep.). In our analysis, we obtain the scaling relations for both the redMaPPer optical richness λ

[Rykoff et al. 2012, 2014] and for a new mass proxy µ? [Palmese et al. 2018, Welch et al. 2018].

The new mass proxy µ? is defined as the sum of the stellar masses of cluster galaxies weighted by

their membership probabilities. This quantity can be estimated reliably from optical photometric

surveys [Palmese et al. 2016] and shows a tight correlation with the total cluster mass [e.g. Andreon

2012]. Palmese et al. [2018] perform a matching between redMaPPer DES clusters and XMM X-ray

clusters at a redshift (z) range of 0.1 < z < 0.7 and demonstrate that µ? has low scatter with respect

to X-ray mass observables. They compute the scaling relation between the X-ray temperature (TX)

and this new mass proxy, TX–µ?, obtaining a scatter of σlnTX |µ? = 0.20, which is comparable

with results found for the redMaPPer richness estimator λ by Rykoff et al. [2016] using XMM and

Chandra X-ray samples at 0.2 < z < 0.9 and by Rozo and Rykoff [2014] using the XCS X-ray sample

at 0.1 < z < 0.5.

When using the redMaPPer mass-proxy λ, we obtain a M200–λ relation that is consistent with

previous measurements found in the literature. When using µ? on the same sample our results

show a similar level of uncertainty. Our results for the VT sample on the same redshift range are

consistent with those we obtain with redMaPPer, showing that our mass calibration is robust against

the specifics of the cluster selection algorithms. Finally, we extend our analysis to a higher redshift

VT sample. We do not see evolution of the mass-observable relation at the level of precision of this

analysis.

Although the weak lensing mass-calibration of redMaPPer and VT clusters is the main topic of this

thesis, I also will describe some other analyses in which I have been involved such as the weak and

strong lensing measurements in the SOGRAS survey, my participation in a visual arc search in DES

survey, and tests and validation of detection and morphology catalogs in the VICS82 and CS82

surveys.

In the next sections we present a brief historical review of the gravitational lensing effect and the out-

line of this thesis. In this work, the distances are expressed in physical coordinates, magnitudes are in

the AB system and we assume a flat ΛCDM cosmology with Ωm = 0.3 and H0 = 100h km s−1Mpc−1.



Chapter 1. Introduction 4

1.1 Historical review of Gravitational Lensing6

In 1704, Isaac Newton conceptually speculated on the possibility of light deviation by massive bodies.

In the year 1783, astronomer John Mitchell based on Newton’s speculations developed a method for

measuring the mass of a star through the decrease of the speed of light due to the star’s gravitational

field. He sent a letter about this method to Henry Cavendish, who applied it to calculate the light

deflection7 angle α̂ given by

α̂ =
2GM

c2 r
, (1.1)

where G is the universal gravitational constant, c is the speed of light in vacuum and r is the

minimum distance from the light ray to the object with mass M (impact parameter). But this

result was not published. Only in 1801 Johann von Soldner published the first work on this topic

and is therefore considered the first to explore the deflection of light to infer that the light rays are

deflected from an angle α̂ = 0.83′′ by passing near the disk of the Sun [Jaki 1978]. However, the

ideas based on the corpuscular nature of light were no longer popular at this time and these results

did not have much repercussion.

A century later, in 1911, using the Equivalence Principle Albert Einstein was able to repeat von

Soldner’s calculations and obtained the same value for the deflection angle [Einstein 1911]. He also

proposed that this angle could be measured during a solar eclipse and the first attempt was made

in 1912 in Brazil by an Argentinian expedition to the city of Cristina, in the south of Minas Gerais,

led by Carlos Dillon Perrine. On this occasion the weather prevented the observations [Moreira and

Videira 1995]. The second attempt occurred in 1914, when Erwin Freundlich directed an expedition

to the Crimean Peninsula in Russia. However he and his team were detained because of World War

I [Cornell and Lightman 1983].

In 1915, with the General Relativity theory developed, Einstein remade his calculations of the light

deflection angle in the vicinity of the Sun and this time he obtained

α̂ =
4GM

c2 r
, (1.2)

which is twice its first result (as well the Newtonian result), leading to an approximate deviation of

1.7′′ near by the solar disk [Einstein 1916]. However, it was only with the 1919’s eclipse (see Figure

6This historical review was largely based on the content of the masters dissertations of Caminha [2009], Pereira
[2012] and the Ph.D. thesis of Montoya [2011]. Some changes and updates have been added.

7Assuming a corpuscular nature for the light and that the acceleration of the bodies in a gravitational field is
independent of their masses.
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Figure 1.1: Plate 1 image with the 4-inch lens of the 1919 total solar eclipse, observed in Sobral,
Brazil. The white lines show the positions of the identified stars that would be used for measuring the
light deflection due to the presence of the Sun. Credits: Royal Society of London/Dyson, Eddington,

Davidson.

1.1) that the expeditions to Sobral, Ceará (northeast of Brazil), and Principe Island (West Africa)

could prove that the Einstein’s result was correct. This experiment became the most famous test of

General Relativity [Dyson et al. 1920].

Until that moment the studies focused only in the light deflection effect, however, in 1921 Arthur

Eddington mentioned the possibility of the formation of multiple images if two stars are sufficiently

well aligned [Eddington 1921]. Three years later, the Russian physicist Orest Chwolson published

a brief communication describing the idea of an “imaginary double star” [Chwolson 1924]. In this

work, he describes that a second image forms near to the star that cause the light deflection, so

that is not possible to detect them separately. He even noticed that in the case of perfect alignment

between the observer and the stars, a ring-shaped image centered on the foreground star should

result. Nowadays this effect is known as “Einstein ring”.
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In 1936, Einstein published a brief article in Science magazine describing the same results obtained

by Chwolson, however, he additionally discusses the increase in the brightness of the lensed object.

In this work he also introduces the theoretical foundation of gravitational lensing: lens equation,

double images and magnification [Einstein 1936].

In the following year, the Swiss astronomer Fritz Zwicky postulated that extragalactic objects (e.g.

galaxy and galaxy clusters) and not only stars act as lens [Zwicky 1937a,b]. This enabled the grav-

itational lensing phenomena to change from a simple curiosity to a potential astronomical tool.

Unfortunately, it seems there was no interest from the scientific community to search for this phe-

nomenon by that time.

After a long time with almost no work in the field, the gravitational lensing was once again discussed

after the discovery of the first quasar in 1963 [Schmidt 1963], when Jean M. Barnothy was the first to

connect that class of objects with the lensing phenomena [Barnothy 1965]. He noticed that quasars

would be ideal sources to be lensed by an detectable extragalactic object, because of their spectral

peculiarities, high redshift, extreme luminosity and point-like shape.

Since then, many theoretical aspects of gravitational lensing were developed. However, this was not

enough to perform a systematic search for gravitational lensing systems. Only in 1979 the first lensed

object was observed [Walsh et al. 1979], a double image of a quasar. In the middle of the 1980s

the first gravitational arcs were observed [Lynds and Petrosian 1986, Soucail et al. 1987], which is

the result from the lensing of extended sources, i.e., galaxies that are lensed by massive galaxies or

galaxy clusters.

In 1989 the first microlensing of a quasar was observed [Irwin et al. 1989]. This event occurs when

the source passes through a region where the lens significantly increases its brightness. Shortly

before, ring-shaped radio sources were observed [Hewitt et al. 1988].

Finally, around two hundred years after the first calculations of the light deflection by a star, the

first microlensing event by a star was observed [Alcock et al. 1993]. In 2004 the first extrasolar

planet was discovered by means of the same technique [Bond et al. 2004]. Until now 62 planets were

discovered with this technique8

A very important contribution for the gravitational lensing studies came from the launch of the Hub-

ble Space Telescope (HST), which allowed the first identification of strong lensing systems through

the galaxy-galaxy lensing effect behind Abell 2218 [Kneib et al. 1996]. After many advances in this

8Interactive Extrasolar Planets Catalog: http://exoplanet.eu/catalog-microlensing.php

http://exoplanet.eu/catalog-microlensing.php
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Figure 1.2: Galaxy cluster MACS j1149.5+223 and a supernova four times over, in a formation
known as Einstein cross. Credits: NASA, ESA, S. Rodney (JHU) and the FrontierSN team; T. Treu
(UCLA), P. Kelly (UC Berkeley) and the GLASS team; J. Lotz (STScI) and the Frontier Fields

team; M. Postman (STScI) and the CLASH team; and Z. Levay (STScI).

field, surprisingly, in 2015 the first lensed supernova was discovered in the HST imaging [Kelly et al.

2015]. Such type of system was hypothesized by Refsdal [1964]. The discovered system has four

images of a single supernova forming an Einstein cross configuration around an elliptical galaxy in

the MACS J1149.6+2223 cluster, as shown in Figure 1.2.

In recent years, many astronomical surveys have been carried out and planned, which specifically

focus on the weak gravitational lensing effect. The projects CS82 and DES were particularly good

for this purpose because they are relatively deep, have very good image quality and cover large

areas of the sky. Therefore they enable a large number of background galaxy sources to have their

shapes precisely measured. From the shapes of these sources we measure the lensing signal to infer

the amount of matter in the foreground lens (e.g. a galaxy cluster). The lensing effect is not only

sensitive to the visible (barionic) matter but also to the dark matter in the lens. Once we have the
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weak lensing mass of the cluster we can compare it to its stellar mass, for example, since the stellar

mass inside a dark matter halo can be expected to trace the dark matter halo mass.

1.2 Thesis Outline

In the previous section we have noted that the gravitational lensing has become a very important

tool to probe the matter distribution in the Universe. The lensing studies can be carried out in

different regimes and scales. In this thesis our main focus will be the measurements in the weak

lensing regime. In this regime we are able to perform a statistical measurement of the lensing signal

by background sources around galaxy clusters with higher significance. Once we measure the signal

we can obtain a weak lensing mass estimate for these galaxy clusters and compare with the visible

mass provided by some proxy (e.g. stellar mass, richness) in order to have a mass calibration for

these clusters. In this work we use two mass proxies that rely on different assumptions to quantify

the visible matter content of the clusters. We want to verify if the choice of a given mass proxy

present some bias in the mass measurements.

Besides the weak lensing, we also present a few steps we performed in the strong lensing regime, in

addition to some tests and validations for the detection and morphological measurements of objects

in astronomical surveys. In the theoretical chapter we will present the general aspect for both

regimes, but the main chapters are dedicated to the weak lensing measurements, while the strong

lensing work is presented as an appendix, since it is still in an early stage of development.

This thesis is distributed as follows:

• in Chapter 2 we present a brief review of the gravitational lensing theory starting from the

basic principles to obtain the lensing observables, for both the weak and strong lensing regimes.

We start from the Lens Equation and derive properties such as the shear and magnification.

At the end, we summarize the observables with a special attention to the average tangential

shear profile in the weak regime;

• in Chapter 3 we describe the astronomical surveys and data we use throughout this thesis with

particular focus on the CS82 and SDSS surveys, in which we perform our main analyses. In the

case of the CS82 survey I have participated in the generation and validation of the detection

catalogs as well the morphology catalogs with a combination of SExtractor and PSFEx codes.

The detection catalog was the starting point for several analyses in the survey including the
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shape measurements with Lensfit, performed by collaborators. This shape catalog is the one

used in my weak lensing analysis in this thesis.

• in Chapter 4 we focus on the mass estimates for galaxy cluster samples from two different

catalogs: one that identifies the clusters by the search for red-sequences and one that uses the

geometric technique of the Voronoi Tessellation (VT). The former is implemented by redMaP-

Per and the later by the VT algorithm. The mass estimates for these two cluster samples

are performed through a weak lensing analysis. From the average masses derived for clusters

binned in observable quantities we derive mass-observable relations, i.e., a mass-calibration for

the samples. We do so for two different mass proxies: the redMaPPer–λ and VT–µ?. This

is the main result from this thesis. In this Chapter, we also describe an additional analysis

in which we have searched for galaxy clusters with a large fraction of stellar forming galax-

ies (“blue clusters”) by the matching between the catalogs. We also present a weak lensing

analysis we started to develop in the SOGRAS survey.

• in Chapter 5 we present the summary and a discussion of the measurements and projects

developed in this thesis.

• in Appendix A we present a small review of the Bayesian inference basic principles and its

association with the Markov chain Monte-Carlo technique and Metropolis-Hastings algorithm,

which were used in our profile-fitting of the weak lensing profiles.

• in Appendix B we describe the strong lensing studies developed: the DES visual search for

strong lensing systems and first steps to obtain cluster mass estimates via the curvature radius

derived by the Mediatrix method.

• Finally, Appendix C contains the list of publications of the author and a list of talks presented

during the development of this thesis.



Chapter 2

Gravitational Lensing Theory

The gravitational lensing theory is based on one of the main predictions of the Einstein’s General

Relativity theory, in which the light rays are deflected when propagating through an inhomoge-

neous medium. Formally, the light propagates along null geodesics as described by the perturbed

Friedmann–Robertson–Walker (for the Standard Cosmological Model case). In most cases of impor-

tance to astrophysics, the lensing equations can be linearised and the light ray propagation is well

described when adopting the weak field and small angle approximations. For a description of the

lensing by clusters and individual galaxies the thin lens approximation is often used, and is equiv-

alent to assuming that the deflection of light occurs in a single plane in which the lens is located.

For the lensing by galaxies and clusters this approximation is sufficient, since the deflecting mass is

located in a very small region in comparison to the distance between observer and source.

In the next sections, widely based on the references Bradac 2004, Pereira 2012, Caminha 2014, I will

present a brief review of the Gravitational Lensing theory, from the basic aspects to the observables

of the weak and strong regimes. For a more formal literature in the topic, see the references: Refsdal

1964, Blandford and Narayan 1986, Schneider et al. 1992, Refsdal and Surdej 1994, Narayan and

Bartelmann 1996, Petters et al. 2001 and Mollerach and Roulet 2002.

2.1 Gravitational lensing basics

The geometry of the gravitational lensing is presented in Figure 2.1 where we place the matter

distribution in the deflector’s plane D at a redshift zd, corresponding to an angular diameter distance

Dd of observer O. The source is located in the source plane S, at a redshift zs, with angular diameter

10
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Figure 2.1: Typical geometry of a gravitational lensing scheme. Credits: Bradac [2004].

distances Ds to the observer and Dds to the lens. Following the thin lens approximation, the light ray

between the observer and the lens planes and between the lens plane and source plane is described

by a geodesic in the homogeneous background metric. The effects of the space-time curvature due

to an approximately homogeneous universe are incorporated into the angular diameter distances

Petters et al. [2001]. The deflection of the light ray when passing by the plane D is represented by

the deflection angle vector α̂, which depends on the mass distribution in the lens plane and on the

impact vector ξ.

2.1.1 Lens properties

The optical axis can be defined as the line connecting the observer and the center of the lens (the

choice of the optical axis is arbitrary). The source should be viewed at an angular position β with

respect to the optical axis in the absence of the lens. We denote by η the distance from the source

to the optical axis in the source plane and by ξ the “impact parameter” (or impact vector) in the

lens plane. With these simple geometric considerations and assuming a single lens plane, we can

write

η =
Ds

Dd
ξ −Ddsα̂(ξ), (2.1)

or equivalently

β = θ − Dds

Ds
α̂(Ddθ) = θ −α(θ), (2.2)
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which is called the lens equation. α is referred as the reduced deflection angle. The lens equation

provides us the angular position θ in which we see the lensed images for a given source that is

located in β. The reduced deflection angle α(θ) commonly depends on θ non-linearly, and then it

is possible to obtain multiple solutions of θ for a single source position β (multiple images).

2.1.2 The deflection angle

As previously mentioned, the thin lens approximation is valid when the characteristic size of the

lens is much smaller than the cosmological distances involved. Thus, instead of using the three-

dimensional distribution of the density of matter, we can use its projection, Σ(ξ), in the lens plane

(i.e., integrating along the line of sight), that is

Σ(ξ) ≡
∫
dr3ρ(ξ, r3). (2.3)

The properties of the lens mass distribution appear in the lens equation only in the form of the

deflection angle α, which in turn depends on the projected mass density Σ(Ddθ) and on the system’s

geometry, i.e. the angular diameter distances between source, observer and the lens. The strength of

the lens can be described in terms of a dimensionless surface mass density κ(θ), known as convergence,

which is defined as

κ(θ) =
Σ(Ddθ)

Σcrit
, (2.4)

where Σcrit is the critical surface mass density given by

Σcrit =
c2Ds

4πGDdDds
, (2.5)

which depends on the cosmological parameters through the angular-diameter distances.

For κ� 1 we are in the weak lensing regime. Under such regime it is not possible to produce multiple

images. A sufficient condition (but not required) to produce multiple images is that κ(θ) > 1 for at

least one θ. This regime is called strong lensing. We will discuss these regimes in more detail later.

Writing α in terms of κ we have

α(θ) =
1

π

∫
R2

d2θ′κ(θ′)
θ − θ′

|θ − θ′|2
. (2.6)
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Since the lens equation 2.2 depends only on κ(θ) we cannot measure the surface mass density Σ

without knowing Σcrit, that is, without knowing the redshift of lens and source and the underlying

cosmology.

The form of the equation 2.6 implies that the deflection angle can be written as the gradient of a

potential

α(θ) = ∇ψ(θ), (2.7)

where

ψ(θ) =
1

π

∫
R2

d2θ′κ(θ′) ln |θ − θ′|. (2.8)

It can be shown that ψ(θ) satisfies the analogue of the Poisson equation of the Newtonian gravita-

tional theory, i.e.,

∇2ψ(θ) = 2κ(θ). (2.9)

2.1.3 Distortion and magnification

The lens equation can be linearized for a source with a size much smaller than the typical length

at which the properties of the lens change. The mapping can be described by the Jacobian matrix

A(θ)

A(θ) =
∂β

∂θ
= δij −

∂2ψ(θ)

∂θi∂θj
=

1− κ− γ1 −γ2

−γ2 1− κ+ γ1

 , (2.10)

where the complex quantity γ = γ1 + iγ2 is the shear and is defined as

γ1 =
1

2
(ψ,11 − ψ,22), γ2 = ψ,12 = ψ,21. (2.11)

Lensing locally transforms circular sources into ellipses with the semi-axes given by the eigenvalues

of the Jacobian matrix A(θ). The ratio of the solid angles that a source occupies in the source plane

S and in the lens plane D is given by the determinant of the matrix A, which corresponds to the

inverse of the magnification factor µ, given by

µ(θ) =
1

detA
=

1

(1− κ)2 − |γ|2
, (2.12)
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where γ ≡
√
γ2

1 + γ2
2 . The eigenvalues of the matrix A−1 are

µ1 =
1

1− κ− γ
, (2.13)

µ2 =
1

1− κ+ γ
. (2.14)

Lensing preserves the surface brightness, so if an isophote in the source plane delimits a small enough

area a (to apply a local linearization) the area delimited by the same isophote in the lensed image

will be µa.

It is common to consider the limits of the strong and weak lensing regimes from the values of the

convergence: κ � 1 (weak) and κ & 1 (strong). Even if the lens is “strong” enough to produce

multiple images, we can treat the background population of the sources either by using strong lensing

(for sources that produce observable multiple images and using the images that are not independent)

as well as the weak lensing principles (for all sources that are independent one another). In the ideal

case, we could combine both methods to obtain better constraints on the lens properties.

2.2 Strong gravitational lensing

In the strong lensing regime multiple images are formed. Mathematically, this means that there

are multiple solutions to the lens equation 2.2. In the following, we will sketch some aspects of the

strong lensing formalism.

2.2.1 Lens models

In studies using analytic expressions for the lenses, axially symmetric, elliptical and pseudo–elliptical

models are often used. In particular, two popular models for the radial density profile are given by

the NFW [Navarro et al. 1996, see Sec. 4.2] and the Singular Isothermal Sphere (SIS; Tremaine and

Gunn 1979). In this section we focus on the SIS models for pedagogical reasons.

2.2.1.1 SIS

In the SIS model the density profile is obtained by assuming a spherically symmetric matter distri-

bution and the behavior of an ideal isothermal gas in hydrostatic equilibrium Kormann et al. [1994].
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This model is convenient for modeling systems on galactic scales [Binney and Tremaine 1987] and

its density distribution is given by

ρ(r) =
σ2
v

2πGr2
, (2.15)

where σv is the one-dimensional velocity dispersion of the particles and r the distance to the center

of the sphere. Calculating the projection of this density in the lens plane, we have

Σ(ξ) =
σ2
v

2πG
2

∫ ∞
0

dz

ξ2 + z2
=

σ2
v

2Gξ
. (2.16)

We see that the density diverges when ξ → 0, and therefore this model is singular.

Solving the lens equation 2.2, the corresponding angular positions of the images are given by

θ± = β ± θE , (2.17)

where θE is the Einstein radius, defined as

θE =

√
4GM(θE)

c2

Dds

DdDs
, (2.18)

where M(θE) is the mass within the Einstein radius. Using suitable units, we can obtain the mass

by this expression

M(θE) ≈ 1.1× 1014M�

(
θE
30′′

)2( DdDs

Dds1Gpc

)
. (2.19)

The angular separation between two images in the SIS case is ∆(θ) = 2θE . In general, the Einstein

radius defines the typical separation between multiple images.

2.2.1.2 Pseudo-elliptical and elliptical models

Most of the mass distribution models for gravitational lenses are constructed from spherically sym-

metric models, whose projections have circular symmetry. However, both simulations and obser-

vational data show that most galaxies and clusters have a triaxial structure, which can be roughly

approximated by ellipsoids. The projection in a plane of an ellipsoid is an ellipse, and a significant

part of these projections have ellipticity e (defined here as e ≡ 1−b/a, where a and b are respectively

the major and minor semi-axes) greater than 0.5, and therefore, it is essential to consider elliptical

models.
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For this sake it is common to replace the radial variable with one that is constant over ellipses

(“elliptical coordinate”). By introducing the elliptical symmetry into the lens potential we build

the so-called pseudo-elliptical models, which offer the possibility of obtaining analytic expressions

for the deflection angle (since it is written in terms of the derivative of the potential). This is a

good approximation for a wide range of ellipticities and masses, but for large values of e (& 0.5) this

approximation loses its physical meaning (the the mass distribution becomes dumbbell shaped) and

this approach does not adequately describe the lensing. In this case it is necessary to consider models

with projected elliptical matter distribution, constructed by replacing the elliptical coordinate into

the expression for the projected density profile. In this case it is generally not possible to obtain

an analytical expression for the potential, requiring the use of numerical algorithms to compute the

deflection angle and its derivatives. However, it is possible to obtain the derivatives of the lens

potential in terms of simple integrals. These elliptical modes are more realistic, but on the other

hand are more computationally expensive. The pseudo-elliptical models are simpler to compute, but

are valid on a limited ellipticity range.

2.2.2 Gravitational lensing modeling

In systems with the formation of gravitational arcs and/or multiple images by the same source it

is possible to model the mass distribution (or the lens potential) of the object that acts as a lens.

An initial estimate for the mass of the lens can be obtained by using the Equation 2.19, in which

we associate the curvature radius of the arc (distance to the center of the lens) with the Einstein

radius. But we recall that this equation assumes axial symmetry of the lens and lens–source–observer

alignment, providing an inner boundary for the mass in the more central region of the cluster.

The most accurate way to model the lens is by using the positions of multiple images. We can use

this position information to compare a model of mass distribution of the lens with the observations,

leaving the position of the source free. Thus, what is needed is to find the model of the lens that

best reproduces the configuration of multiple images observed in a given system. For cases where

we have gravitational arcs formed by the merging multiple images it is common to use the position

of the arc’s brightness peaks to constrain the lens model. This modeling of the lens by the use of

multiple images can be carried out both in the lens or source planes, with the first being the most

precise form of modeling.
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In order to perform the modeling in the lens plane we define the function

χ2
lens :=

∑
i

(
θobs − θmod(β,Π)

σobsi

)2

, (2.20)

where the parameters to be determined by minimization are Π, the parameter of the lens, and β, the

source position. Here, to calculate χ2
lens at a specific point it is necessary to invert the lens equation.

Depending on the complexity of the model, the numerical inversion is not trivial and makes the

mapping of the parameter space computationally expensive. However, this way of obtaining the lens

parameters is more robust and does not require one to map the observational error σobs to the source

plane.

2.3 Weak gravitational lensing

In the weak gravitational lensing regime it is not possible to visually identify the effects as in the

case of the strong regime. The sources suffer a slight distortion in preferred directions, inducing an

ellipticity on circular sources. However for this effect to be measured a large number of sources and

precise measurements of their shapes are necessary, since the effect is very weak compared to the

intrinsic ellipticity of the sources.

For the weak lensing analyses the starting point is the measurement of the ellipticity of the sources,

which is connected to the lensing signal. From the measured ellipticities, in particular their tangential

components, the mass profile of the lenses (∆Σ) can be estimated. In the following sections we will

present a brief summary, deeply based on references Figueiró [2011] and Pereira [2012], on how to

obtain the density profiles from the ellipticity of objects.

2.3.1 From ellipticities to shear

If a galaxy has elliptic isophotes with the same center, ellipticity and orientation, its shape and

size can simply be defined in terms of the axial ratio and the area delimited by a given isophote.

However, the shapes of faint galaxies may be quite irregular and not so well represented by ellipses.

In this way, a definition of shape or ellipticity is necessary to take into account the irregularities of

the images and that is well adapted to the observational data.

Considering an isolated galaxy with surface brightness I(θ) and choosing a coordinate system such

that the first moments of surface brightness disappear, i.e., the origin of the coordinate system is
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placed in the centroid of the light distribution, we define the second moments Qij of this galaxy as

Qij =

∫
d2θW [I(θ)]I(θ)θiθj∫
d2θW [I(θ)]I(θ)

, (2.21)

where W [I(θ)] is a suitably chosen weight function such that the shape of the source inside a

limiting isophote contour would be obtained, for example, the Heaviside step function. The trace

Q describes the size of the images, while the off-diagonal portion of Q contains information about

ellipticies. From Qij we can define two complex ellipticities

ε =
Q11 −Q22 + 2iQ12

Q11 +Q22
= ε1 + iε2 and e =

Q11 −Q22 + 2iQ12

Q11 +Q22 + 2(Q11Q22 −Q2
12)

1
2

= e1 + ie2. (2.22)

Both have the same phase (because the numerator is the same), but different moduli (however, they

can be converted one into the other). For an image with elliptic isophotes of axial ratio r ≤ 1, we

obtain

|ε| = 1− r2

1 + r2
; |e| = 1− r

1 + r
, (2.23)

with r = b
a , where b is the semi-minor axis and a is the semi-major axis.

We can apply Equation 2.21 to the source and define a complex ellipticity in the source plane. The

transformation of the source ellipticity (ε(s)/e(s)) in the source plane to the ellipticity of the image

(ε/e) in the lens plane is given by

ε(s) =
−2g + ε+ g2ε∗

1 + |g|2 − 2R(gε∗)
and e(s) =


e−g

1−g∗e , if |g| ≤ 1

1−ge∗
e∗−g∗ , if |g| > 1,

(2.24)

where the reduced shear g(θ) is defined by

g(θ) =
γ(θ)

1− κ(θ)
=
|γ|

1− κ
e2iφ, with g ≡ g1 + ig2. (2.25)

In the weak lensing regime, κ� 1 and |γ| � 1. Thus, the reduced shear is approximately equivalent

to the shear, |g| ∼ |γ| and g � 1.

These expressions allow us to obtain the ellipticities of the images from the brightness distribution

of the source galaxies, and therefore, relate the ellipticities to the induced gravitational shear. As

mentioned, galaxies have irregular shapes (they are not intrinsically circular) and have ellipticities

distributed in a wide range of values. Moreover, assuming a homogeneous and isotropic universe,

there is no preferred direction to which galaxies tend to align. Therefore, the orientations of galaxy
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shapes are randomly distributed, which leads to an expected value of the probability distribution of

the intrinsic ellipticities equal to zero, when we average over many galaxies:

〈εs〉 = 〈es〉 = 0. (2.26)

Thus, by measuring the ellipticities of distant galaxies in a given region we can obtain an unbiased

estimate of the local shear field. Using the above assumptions, the relationship between ellipticities

and induced shear is the following
〈ε〉
2

= 〈e〉 ≈ g ≈ γ. (2.27)

Finally, in the weak lensing regime, the shape of a source galaxy is directly related to the induced

shear according to

e = e1 + ie2 = (es1 + γ1) + i(es2 + γ2) (2.28)

ε = ε1 + iε2 = (εs1 + 2γ1) + i(εs2 + 2γ2). (2.29)

Since it is not possible to infer the induced shear of a single galaxy, the accuracy of the shear estimate

depends on the number of galaxies within a given region, reflecting the statistical nature of the weak

lensing measurement.

2.3.2 Tangential and cross shear components

As previously mentioned, in the case of a circularly symmetric lens, the effect of the lensing is to

produce a deformation on the tangential and radial directions. The images will tend to be aligned

along the tangential direction for positive mass concentrations (such as galaxies and galaxy clusters)

and along the radial direction for negative mass concentrations (i.e. for underdensities, such as

voids). Therefore, it is convenient to define a coordinate system that specifies these properties. The

tangential and cross components of the shear are defined by

γt = −<
[
γ × e−2iφ

]
and γ× = −=

[
γ × e−2iφ

]
, (2.30)

where φ is the polar angle between the horizontal axis and the position of the lensed object relative

to the deflector, as shown in Figure 2.2. Equations (2.30) lead to the following expressions for the

components

γt = −γ1 cos(2φ)− γ2 sin(2φ) and γ× = γ1 sin(2φ)− γ2 cos(2φ). (2.31)



Chapter 2. Gravitational Lensing Theory 20

From these equations we can see that, if γ = γ1 and φ = 90◦ there is tangential alignment (real and

positive shear); if γ = γ1 and φ = 0◦ the alignment is radial (real, but negative shear). In both

cases, the value of the cross component of the shear is zero, since the gravitation can only induce

tangential or radial alignments, corresponding to the real part of the shear. If we get a cross shear,

it means that other factors besides gravitation are contributing, such as telescope optics or galaxy

alignments. Thus, a cross shear component is an important tool to check for systematic errors in

the measurements. This decomposition in the tangential and cross components of the shear signal

are commonly referred to E and B modes, respectively.

Figure 2.2: On the left we show the tangential and cross alignments in the weak lensing regime.
Mass distributions can produce tangential or radial alignments (real part of shear), but cannot
produce cross-alignments (imaginary part). Nonzero measurements for the cross shear component
indicate systematic errors. On the right we show a source galaxy (green circle), which has a projected
distance θ to the deflector. At the source plane, the galaxy has a circular shape. The weak lensing
changes the shape of this galaxy, such that in the lens plane its image becomes an ellipse (red
ellipse). In the Cartesian system, the shear γ is expressed in terms of the components γ1 and γ2. In
the tangential-cross coordinate system, the deflector is the reference point, such that the tangential

and cross components are computed in terms of γ1, γ2 and the phase φ. Credits: Figueiró [2011]

In the weak lensing regime, the measurement of the projected mass distribution (κ) of the lens from

the shear signal (tangential component) is limited due to the so-called mass sheet degeneracy. This

effect arises due to the fact that the observed quantity is not the shear itself, but the reduced shear.

Therefore, two different mass distributions that differ by λ can not be distinguished by measuring
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only the image distortions. In this case, the mass distribution is determined up to a constant,

or formally [Falco et al. 1985, Schneider and Seitz 1995]: κ → κ′ = λκ + κ(1 − λ), where λ is

an arbitrary constant. To break this degeneracy, we need to use additional information, such as

assumptions about κ, magnification, etc.

2.3.3 Density profiles and mass estimates

The shear signal is obtained by combining the measurements made on background sources for many

foreground lenses, grouping these lenses with similar properties (for example, in a same luminosity

bin, in the case of galaxies, or richness interval for clusters). This is done in order to mitigate the

problem of noise caused by the intrinsic shape of the sources and the limited number of sources per

unit area. For any projected mass distribution, it is possible to show that the azimuthal average

of the tangential shear at a projected radius R from the center of the distribution [Miralda-Escude

1991] is given by

γt(R) =
∆Σ

Σcrit
≡ Σ(< R)− 〈Σ(R)〉

Σcrit
, (2.32)

where Σ(R) is the 2D projected mass density at radius R, Σ(< R) is the average value of Σ within

a disk of radius R, 〈Σ(R)〉 is the azimuthal average of Σ(R) in a thin ring of radius R and Σcrit is

given by Equation 2.5. We can then define the density contrast (i.e., average tangential profiles) as

∆Σ(R) ≡ Σ(< R)− 〈Σ(R)〉 = γt(R)× Σcrit. (2.33)

As mentioned above, this quantity is not usually measured for an individual lens but for several lenses

that present similar physical properties (e.g., richness, redshift) so that it is possible to increase the

shear signal. This method is known as stacking of the tangential profiles. Thus, in practice, we

obtain the ellipticities of the sources, calculate the shear γ and its components γt and γ× from where

it is possible to obtain the average tangential profiles.

To the measured average tangential profiles we can fit the theoretical density profiles of the clus-

ters/halos and, finally, obtain estimates for the mass of these objects. This is the simplest way to

obtain mass estimates from weak lensing since it is sufficient to use parametric models, such as NFW

or Einasto [Einasto 1965, Merritt et al. 2006], to derive the mass and concentration of the clusters.

When a model for the radial density profile is assumed, we can do the 2D projection of this model

(i.e., calculate ∆Σ(R)), fit to the measured ∆Σ(R) and determine the best fitting parameters.
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Astronomical Surveys

Imaging surveys are key to detect the gravitational lensing effects. In this thesis all the data for weak

lensing analyses comes from surveys carried out on the so-called Stripe 82, which is an equatorial

region in the celestial sphere that was scanned multiple times as part of the Sloan Digital Sky Survey

(SDSS) supernovae search [Frieman et al. 2008], leading to a 5-band co-add of selected images about

two magnitudes deeper than the main SDSS survey [Annis et al. 2014]. Stripe 82 has become a

well studied ∼100 sq-deg scale region, with extensive spectroscopy from SDSS and other wide-field

spectroscopic surveys [Croom et al. 2001, Colless et al. 2001, Croom et al. 2004, Jones et al. 2009,

Croom et al. 2009a, Croom et al. 2009b, Drinkwater et al. 2010, Eisenstein et al. 2011], reaching

fainter magnitudes in smaller regions [Garilli et al. 2008, Coil et al. 2011, Newman et al. 2013, de

la Torre et al. 2013, Le Fèvre et al. 2013], and a large spectral coverage from several synergistic

surveys [see, e.g. LaMassa et al. 2016, Timlin et al. 2016, Geach et al. 2017, and references therein],

including NIR photometry from UKIRT Infrared Deep Survey [UKIDSS, Lawrence et al. 2007] and

from a combination of CFHT WIRCam and Visible and Infrared Survey Telescope for Astronomy

(VISTA) VIRCAM (VISTA InfraRed CAMERA) data [Geach et al. 2017]. It serves as a precursor

of future datasets, and is being covered by ongoing surveys at higher depths (e.g. DES, HSC1) and

denser wavelength coverage (S-PLUS2; Mendes de Oliveira et al. 2018).

In this section we will describe the SDSS and the CFHT Stripe 82 Survey (CS82), which provided

the data used for the measurements of weak lensing masses. For completeness, we also describe the

Dark Energy Survey (DES) and the SOAR Gravitational Survey (SOGRAS), in which I have been

involved in some strong lensing studies during the PhD.

1http://hsc.mtk.nao.ac.jp/ssp/
2https://confluence.astro.ufsc.br:8443/
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3.1 Sloan Digital Sky Survey

SDSS [Abazajian et al. 2003, Albareti et al. 2017] is a spectroscopic and optical imaging project

that makes observations with a dedicated 2.5 meter aperture telescope located at the Apache Point

Observatory, New Mexico (USA). The project has already obtained the spectrum of about 2,400,000

galaxies and 480,000 quasars3. Optical imaging has already been finalized, but the spectroscopy

continues in the project called SDSS-IV, enhancing the number of galaxy and quasar spectra in the

survey.

Thanks to the 2004-2007 seasons for the supernovae search in Stripe 82 (with −50 < RA < 59;

−1.25 < DEC < 1.25), the final co-add data in the ugriz bands attained a limiting magnitude

of about r ∼ 23.5 for galaxies. These co-add images were processed with the SDSS pipeline to

generate catalogs with basic information (positions, magnitudes, etc.), among other products that

were made publicly available in Data Releases (DR). In this work, we use two catalogs from SDSS:

i) a cluster catalog resulting from the Voronoi Tessellation algorithm [Soares-Santos et al. 2011]

applied to the SDSS stripe 82 co-add catalog [Annis et al. 2014] with neural network photometric

redshift measurements [Reis et al. 2012]; ii) a catalog of galaxy clusters identified by the redMaPPer

algorithm [Rykoff et al. 2014] on the SDSS 8th Data Release [DR8; Aihara et al. 2011]. The mass

measurements of the clusters identified in these datasets are described in the paper presenting the

results of this thesis [Pereira et al. 2018b].

3.2 CFHT Stripe 82 Survey

CS82 is a collaboration involving researchers from several countries, which used French, Canadian

and Brazilian time on the Canada-France-Hawaii Telescope (CFHT) — a 3.6 meter aperture (optical

and infrared) telescope located on Mount Mauna Kea, Hawaii — to image ≈ 170 square degrees

(−42.5 < RA < 45 and −1 < DEC < +1) in the Stripe 82 [Kneib et al. 2010, Erben et al. 2018].

Motivated by the high availability of data at different wavelengths in that region, our group and the

collaborators designed CS82 to be the weak lensing survey on Stripe 82, profiting from the excellent

image quality provided by the CFHT telescope. The region was imaged in the i band, providing

data with a depth up to i = 23.5 with excellent seeing conditions (average value of 0.6′′). The CS82

survey also motivated a new survey in the infrared, VICS82, which will be described in section 3.5.

3http://www.sdss.org/dr13/scope/

http://www.sdss.org/dr13/scope/
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After the observations, the collaborators reduced the data (combination of the images and elimination

of the instrument’s signature), and also performed the astrometric and photometric calibrations of

the 177 images (1 square degree each). After this initial treatment of the images, our group at

CBPF was responsible for generating the catalogs with the detections of the objects and their

basic information such as positions, magnitudes, radius, etc. I contributed to the generation of

these catalogs performing tests to obtain the optimized parameters for detection. The detection

catalogs are key to all analyses in CS82 and were first used in Comparat et al. [2013]. Subsequently,

our group obtained the morphological information of these objects by modeling the Point Spread

Function (PSF) of the images and fitting brightness profiles to the objects, as will be described

below. I have also carried out several tests to optimize the generation of these morphology catalogs.

Due to my contributions to the survey I was considered part of the core team of the project and

could participate in several papers, such as [Liu et al. 2015, Li et al. 2016, Charbonnier et al. 2017,

Leauthaud et al. 2017, Niemiec et al. 2017, Shan et al. 2017] and the submitted papers [Soo et al.

2018, Wang et al. 2018]. In particular, the methodology in Leauthaud et al. [2017], Niemiec et al.

[2017], and Shan et al. [2017] is closely related to the one described in this thesis.

The brightness profile-fitting is a method applied to the images of galaxies to obtain robust measure-

ments of their shapes. For this sake, common analytic profiles for the galaxies (e.g. de Vaucouleur,

Sérsic) are used, convolved with a model for the anisotropic blurring caused by the atmosphere and

by the telescope optics (i.e. the PSF), which is obtained from the images of the stars in the field. In

CS82 we use this technique, by combining the SExtractor and PSFEx codes to obtain the morphology

of the objects. I performed optimization tests for the SExtractor+PSFEx morphology runs, similar

to the ones I performed for the detection runs, and I have validated the morphological parameters

(e.g. ellipticity) that we measured (see details in my Master’s work [Pereira 2012]). The derived

morphological catalogs are described in a paper in preparation by Moraes et al. [2018]. Applications

of these catalogs are described in the published paper by Charbonnier et al. [2017], which uses the

morphological parameters in a study of compact quiescent galaxies, and the submitted paper by Soo

et al. [2018], which uses the morphological information to derive or improve photometric redshifts

estimates.

Finally, the detections that we obtained were used as a basis for the shape measurements and the

photometric redshifts from matched SDSS co-add [Annis et al. 2014] and UKIDSS YJHK [Lawrence

et al. 2007] photometry. The catalog containing shapes and photometric redshifts was used in all

weak lensing measurements in this work. The details of these measurements are described in Chapter

4, which is also part of the paper Pereira et al. [2018b].
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The CS82 survey defines the sky footprint for our analyses and all cluster catalogs in this work are

matched to it. The CS82 photo-zs were computed by Bundy et al. [2015] with the BPZ code [Beńıtez

2000]. These are more precise than previously available photo-z measurements [see also Leauthaud

et al. 2017, Soo et al. 2018] and therefore we use them throughout this analysis, namely, in the

computation of membership probabilities, for determining absolute magnitudes, and in the stacked

weak lensing analysis.

3.3 SOAR GRavitational Arc Survey

The SOAR GRavitational Arc Survey (SOGRAS) project observed 47 massive clusters, most of

them in Stripe 82, to search for strong lensing features. The observations were made in the g′r′i′

bands of the 4.2m SOAR telescope located at Cerro Pachón (Chile). The clusters were observed at

two redshift intervals (z ' 0.3 and z ' 0.5) with a required seeing of ≤ 0.8′′. Four clusters in this

sample that have very good arc candidates were followed-up for deeper imaging and multi-object

spectroscopy with the Gemini South Telescope, aiming to determine their dynamical masses and to

improve the shape measurements for deriving weak lensing masses (see Chapter 4). I also participated

in the selection of these clusters contributing to the description of the survey in the paper Furlanetto

et al. [2013]. In Chapter 4, I describe the mass measurements for these systems obtained from their

weak lensing measurements, which will contribute to a paper currently in development [Pereira et al.

2018a].

3.4 Dark Energy Survey

DES is an optical imaging survey that will observe, in 5 years, 5000 square degrees of the celestial

southern hemisphere with a 570 megapixels camera with red-sensitive CCDs (DECam) installed on

the 4m Blanco Telescope, located at the Cerro Tololo Inter-American Observatory (CTIO) in Chile.

DES uses the grizY bands to obtain photometric redshifts and will reach limiting magnitudes of

i ∼ 24 when finalized.

The observations are carried out during roughly one semester per year, and the first season took

place in 2012-2013, a period called Science Verification (SV). The SV data covered 250 square degrees

reaching almost the depth of the complete survey. For this dataset, a thorough search for strong

gravitational lensing systems was carried out, involving several selection criteria and including the
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visual inspection of the images. Our group had an active participation in this search, which identified

53 candidate systems, 6 of which were later confirmed by spectroscopic observations. A paper

describing the spectroscopic confirmation and characterization of these systems has recently been

published [Nord et al. 2016] (see Appendix B). Many data products from SV are publicly available

at http://des.ncsa.illinois.edu.

Recently, the first results using data from a full operating season of DES, the so-called year 1 (Y1)

data set, were made public4. The Y1 data covers 1500 sq.-deg at 40% of the final depth of the

survey. The data from the third season, Y3 (covering 5000 sq.-deg at 50% of the depth), has already

been processed, but the catalogs are still being vetted. The data taking for Y5 has already been

completed.

3.5 VISTA-CFHT Stripe 82 Survey

The CFHT and the VISTA telescopes have instruments that allow the imaging of large areas of

the sky in the near-infrared. The CFHT has the WIRCam mounted in its primary focus, while the

VISTA (4m telescope located at the Cerro Paranal Observatory in Chile) is equipped with VIRCAM.

The potential of these two instruments was combined to image in the near-infrared the same region

of Stripe 82 observed by CS82 forming the so-called “VISTA-CFHT Stripe 82 Survey” (VICS82).

VICS82 is a collaborative project between researchers from Taiwan, Canada, France and Brazil

which observed 150 square degrees in the Stripe 82 [Geach et al. 2017].

The imaging was performed on the J and Ks bands and a moderate depth of Ks ∼ 22 and average

seeing of 0.7′′ − 0.8′′ was obtained. The main scientific objectives of VICS82 are the study of

high redshift clusters, stellar masses, quasars and gravitational lensing. VICS82 sits in a relatively

unexplored region of the area × depth diagram for surveys in the same bands, interpolating between

the shallow wide-field surveys and the deep “pencil beam” surveys [Geach et al. 2017]. VICS82 is

also useful to develop/test tools that can be applied in large surveys in the future.

I have performed initial analyses in the VICS82 detection catalogs and images, optimizing the

detection catalogs, computing limiting magnitudes, and identifies features in the image. In this

4And are available at https://www.darkenergysurvey.org/news-and-results/publications/
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preliminary analysis I have tested and created masks for the images with the automask5 code [Di-

etrich et al. 2007, Erben et al. 2009]. These masks are necessary to define reliable objects for many

applications.

5https://marvinweb.astro.uni-bonn.de/data_products/THELIWWW/automask.html

https://marvinweb.astro.uni-bonn.de/data_products/THELIWWW/automask.html
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WL Analysis and Mass Calibration

In this chapter we present the weak lensing measurements for CS82 data using the redMaPPer and

VT cluster catalogs. In section 4.1 we present the lens and source catalogs and how the weak lensing

signal is measured in practice, from shapes to shear, and how we use the stacking technique to

measure the average tangential density profiles. In the section 4.2 we present the modeling of these

density profiles by the NFW model in order to obtain the cluster mass estimates. In the section 4.3

we present the mass-observable scaling relations for the two cluster samples. This chapter is totally

based on the submitted paper Pereira et al. [2018b].

4.1 Measuring the tangential shear profile

In order to get the tangential density profiles, we first need to obtain a catalog with the ellipticity of

the background sources and a catalog with the lenses. Then, when measuring the density profiles,

we perform a stacking technique, which consists of grouping the lenses with similar properties to

increase the signal-to-noise ratio of the lensing. Each cluster sample is separated by redshift and

mass proxy (i.e. richness or µ?) intervals. In the next sections we detail each of these steps and the

results obtained.

4.1.1 Voronoi Tessellation lens catalog

When getting the image of a large area of the sky, in practice, what we have are objects (stars,

galaxies) distributed in a plane. In this context, an intuitive way to identify clusters is to search for

28
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Figure 4.1: Example of a Voronoi Tessellation constructed for a galaxy distribution. Credits:
Ramella et al. [1999].

regions with a high density of objects (in our case, galaxies), i.e. look for a large concentration of

points in the image. A technique that was developed a long time ago (since the 17th century with

Descartes and with a modern algorithm implementation in the 80’s by Fortune 1986) and that can

be used to identify a concentration of points in a plane is the Voronoi Tessellation [van de Weygaert

and Icke 1989, Ramella et al. 1999]. An implementation of this method – VT cluster finder – was

performed by Soares-Santos et al. [2011] in SDSS co-add data.

The VT cluster finder uses a geometric technique to construct the Voronoi cells that contain only

one object each. The cell sizes are inversely proportional to the local density and a galaxy cluster

candidate is defined as a high-density region composed of small adjacent cells (see Figure 4.1). The

raw number of member galaxies, NVT, is thus the number of VT cells. The key point is to estimate

the density threshold to separate an overdensity (a galaxy cluster) from the background and take into

account the projection effects due to the fact that the Voronoi cells are computed in a 2D-distribution

of objects in the sky. In order to achieve that, the VT algorithm is built in photo-z shells and uses

the two-point correlation function of the galaxies in the field to determine the density threshold for

detection of the cluster candidates and their significance. Since it is a geometric technique, there is

no need of a priori assumption on galaxy colors, the presence of a red-sequence or any assumptions

about their astrophysical properties.

In this thesis we use the VT catalog produced for the SDSS Stripe 82 co-add [Wiesner et al. 2015].



Chapter 4. WL Analysis and Mass Calibration 30

Since that release version (v1.10) the VT team has developed an improved membership assignment

scheme and a new mass proxy, µ?. In this work we incorporate those developments (see section

4.1.1.1 for details) and add two new improvements, namely, a defragmentation algorithm and a

redefinition of the cluster central galaxy (described in sections 4.1.1.2 and 4.1.1.3, respectively). The

former mitigates the effect of photometric redshift shell edges and of multiple density peaks within

individual clusters. The latter allows us to extend the probabilistic approach of membership to the

determination of the central cluster galaxy.

4.1.1.1 Assigning the new mass proxy µ?

NVT performs poorly as a mass proxy, as shown by the scatter in the richness-mass relation presented

in Saro et al. [2015]. The new mass proxy, µ?, is based on a probabilistic membership assignment

scheme [Welch et al. 2018]1 and on measurements of stellar masses [Palmese et al. 2018]2. In

particular, Palmese et al. [2018] showed that the scatter in the µ? to X-ray temperature relation is

comparable to that of other mass proxies for an X-ray selected sample, and that it allows interesting

cluster evolution analyses, having a clear physics meaning of the cluster stellar mass.

The first step in computing µ? is to compute the membership probability Pmem for each cluster

galaxy

Pmem = Pz · Pr · Pc, (4.1)

where the three components represent the probability of the galaxy being a member given its redshift

(Pz), its distance from the cluster center (Pr) and its color (Pc):

• Pz is the integrated redshift probability distribution of each galaxy within a ∆z = 0.1 window

of the cluster.

• Pr is computed assuming a projected Navarro-Frenk-and-White profile.

• Pc is determined via Gaussian mixture modeling of the galaxy color distribution with two

components, red sequence and blue cloud; it is defined as the sum of the probability that the

galaxy color is drawn from either the blue or red component.

For membership assignment purposes we use a subsample of the galaxy catalog cut at Mr < −19.

That subsample is volume limited over our redshift range. We calculated the absolute magnitudes

1https://github.com/bwelch94/Memb-assign, commit 1d6eabd
2https://github.com/apalmese/BMAStellarMasses, commit 487c650

https://github.com/bwelch94/Memb-assign
https://github.com/apalmese/BMAStellarMasses
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using kcorrect v4 2 [Blanton and Roweis 2007] taking the BPZ photo-z as the galaxy redshift. We

constructed a grid of g−r, r− i, and i−z colors from the templates in kcorrect and chose the closest

to the observed galaxy colors. That chosen template provides the K-correction from observed i band

to rest-frame r-band, which, together with our chosen cosmology, allows us to calculate Mr.

After computing the membership probabilities for each galaxy i within 3 Mpc of each cluster j,

we compute their stellar masses assuming that every member galaxy is at the redshift of its host,

M?,i(zj). Because the cluster redshifts have smaller uncertainties than individual galaxies, this

minimizes the uncertainties on M?,i measurements. Finally, once the stellar masses are computed,

we define the new mass proxy as the sum of the individual galaxy stellar masses weighted by their

membership probability

µ? =
∑
i

Pmem,iM?,i . (4.2)

The membership assignment and µ? computation methods were applied only to VT clusters with

NVT > 20, to avoid poorly detected galaxy groups. After applying the CS82 mask and a photometric

redshift cut at z < 0.6, where the VT sample is most reliable, we obtain a sample of 136 clusters,

which are used throughout this analysis.

4.1.1.2 Investigating cluster fragmentation

Fragmentation of large clusters into smaller components in the VT catalog is one of the sources of

scatter in the observable-mass relation. We uncovered the issue by performing cylindrical matching

(angular separation θ < 1 arcmin and ∆z < 0.05) between redMaPPer and VT catalogs. This

comparison showed some cases where one redMaPPer cluster was split into two or more VT clusters.

When applied to a cluster fragment, the new probabilistic membership method will result in a full

fledged list of members, as the probabilities are computed out to 3 Mpc radius. This is a designed

feature. For two fragments located near each other, the result will be two instances of the same

cluster with slightly different membership probabilities. In that case, only one instance should be

maintained in the catalog. In order to ensure that, we developed a defragmentation method using

the membership probabilities Pmem. For a given pair of cluster candidates we define the “true”

cluster as the one for which
∑
Pmem is the largest.

In practice we first attribute a flag for each cluster in the catalog as if they were all unique real

clusters (cluster frag=1). Then, we rank them by mass proxy and compute the angular separation
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between each other. If the separation is smaller than the largest R200 between the two and the

redshift difference is ∆z < 0.05, those clusters are considered to be two instances, i and j, of

a fragmented pair. We compute the summation of the member probabilities of the fragmented

clusters i and j as Pi =
∑
P imem and Pj =

∑
P jmem, respectively. We then match their members list

(in our membership scheme, clusters may share members) and then compute the quantity Pmatch =∑
P i,match

mem =
∑
P j,match

mem for the matched members. Once we have these quantities we compute the

fractions

fij =
Pmatch

Pi
and fji =

Pmatch

Pj
. (4.3)

Since Pmatch is the same for both, the only difference is in the denominator. If fij ≤ fji, then i is

kept in the catalog while j is removed (i.e. set cluster frag=0). We apply this procedure to VT

clusters in the range 0.1 ≤ z < 0.6 and we find that ∼ 16 per cent of the clusters were affected

by this issue. This is therefore a non-negligible correction and future versions of VT catalog should

have this new procedure applied to them before being released.

4.1.1.3 Redefining the cluster central galaxy

The brightest cluster galaxy (BCG) is a good proxy for the center of the cluster and that fact is used

in several cluster finding methods [Koester et al. 2007, Hao et al. 2010, Oguri 2014]. The original

VT algorithm, however, takes a purely spatial approach and defines the cluster central galaxy as the

one inside the highest density VT cell. After computing µ? we redefine the central cluster galaxy as

the member galaxy with maximum probability of membership. The probability P ?cen that this newly

defined central galaxy is the true center of the cluster is proportional to its membership probability

P ?cen ∝ max(Pmem). (4.4)

Although not normalized, this centering probability is analogous to that of the redMaPPer algorithm.

4.1.2 redMaPPer lens catalog

In recent years, one of the techniques for identifying galaxy clusters (our lenses) that has become

standard is that based on the empirical relation between the color and magnitude of the early-type

(elliptical and lenticular) galaxies known as the red sequence [Gladders and Yee 2000].
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Figure 4.2: Red sequence of the Abell 1084 cluster. The color-magnitude diagram was obtained in
the infra-red bands. In these bands it is easy to separate the red sequence galaxies (black squares)
from the stars (grey stars) and regular galaxies (grey circles) in the field. Credits: Stott et al. [2009].

In the most massive clusters the population of galaxies more common are the early-type ones, that

are the oldest galaxies and do not present regions of stellar formation, being thus the reddish objects

in the galaxy clusters.

As previously mentioned, a linear relationship between the color and magnitude of the early-type

galaxies of a cluster (in a given redshift) was empirically found, where the brightest galaxies are the

most reddish (see Figure 4.2) – and that is why for the set of galaxies that obey this relation we

named “red sequence”.

The linear relationship for color-magnitude was observed in several clusters with different charac-

teristics and has been shown to be a “universal” relation and valid with a good level of reliability

up to z ∼ 1.3. Therefore, identifying red sequences in regions of the sky is a direct way of finding

overdensity regions, i.e, it is a robust way of finding clusters of galaxies (lenses).

Several codes based on this technique have now been developed and widely used in large surveys,

such as the redMaPPer [Rykoff et al. 2014, 2016] and maxBCG [Koester et al. 2007] codes. In this

work, besides the VT algorithm, we use galaxy clusters identified with redMaPPer.

The redMaPPer cluster finder uses multi-band colors to find overdensities of red-sequence galaxies

around candidate central galaxies. In SDSS data, redMaPPer uses the five band magnitudes (ugriz)

and their errors to spatially group the red-sequence galaxies at similar redshifts into cluster can-

didates. For each red galaxy, redMaPPer estimates its membership probability (pmem) following a
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matched-filter technique. At the end, for each identified cluster, redMaPPer will return an optical

richness estimate λ (the total sum of the pmem of all galaxies that belong to that cluster), a photo-z

estimate zλ, and the positions and probabilities of the five most likely central galaxies (Pcen).

In this work we use the most recent version (v6.3) of the SDSS redMaPPer public catalog [Rykoff

et al. 2016], which covers an area of 104 deg2, down to a limiting magnitude of i = 21 for galaxies.

The full sample of redMaPPer clusters in the catalog has 0.08 . zλ < 0.6 and 20 . λ < 300. After

restricting the catalog to the ∼ 170 deg2 of the CS82 footprint, we restrict our mass measurements

to the low redshift bin 0.1 ≤ zλ < 0.33 to enable comparison with previous SDSS weak lensing

measurements and because the redMaPPer cluster catalog from single epoch SDSS data is most

reliable at these redshifts. The redMaPPer sample used in this work, after all selection criteria are

applied, contains 230 clusters.

We compute µ? as well for the redMaPPer clusters, employing the same steps described in section

4.1.1.1. This means that new membership probabilities are computed for every cluster and enables

direct comparison between the ∆Σ profiles obtained for λ and µ?, as discussed in section 4.1.4. The

defragmentation step was not needed for redMaPPer.

4.1.3 Source catalog with Lensfit

One of the most important steps in measuring the weak lensing signal is the measurement of the

background galaxy (sources) ellipticities. In this step, it is necessary to overcome the difficulty of

measuring the shapes of very faint galaxies that suffer from observational and optical effects such as

PSF, noise, etc. As we mentioned, PSF is due to variations in both the atmosphere and the optics

of the telescope and can result in isotropic and anisotropic blurs in the shape of the sources, thereby

diluting the shear signal produced by the gravitational effect. Therefore, it is necessary to correct

this effect to avoid bias in determining the shape of the sources.

Many methods and their code implementations have been developed to accurately measure the shapes

(ellipticities) of the galaxies, e.g. Imcat/KSB [Kaiser et al. 1995], Shapelets [Kuijken 2006] and the

Lensfit [Miller et al. 2007, Kitching et al. 2008]. In the Shapelets method a Gauss-Hermite (Gaussian

multiplied by polynomials) base is create in order to reconstruct models for the PSF, noise and the

form of observed galaxies. The advantage of this method is the possibility of using several models for

the PSF, unlike the methods based on the profile fitting, which assume an arbitrary model for the

PSF, in general. These methods were used by initiatives such as the GRAVitational Enlightenment
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Accuracy Testing [Bridle et al. 2009, Mandelbaum et al. 2014] and The Shear TEsting Program

[Heymans et al. 2006], which aimed to test the codes used to obtain the shear measurements of the

sources in simulations and real data. Lensfit was one of the codes that presented a higher value for

the figure of merit Q (see Bridle et al. 2010 for details), which is a quantity in the challenges used

to determine the successful method. This quantity represent a method’s ability to both filter the

noise effectively and remove the significant PSF kernel in the observed galaxy image. Besides the

precise recovery of the ellipticities, Lensfit also presented a good computational performance, which

makes it suitable for the use in large surveys. Imcat/KSB, despite being a robust code that uses

the formalism of the polarizability tensors P sr and P sm [Kaiser et al. 1995, Pereira 2012] for the

blurring corrections, it has shown a code with limitations for use in future large surveys.

We use the shape measurements from CS82 survey, which has a limiting magnitude of 24 and mean

seeing of 0.6 arcsec [Leauthaud et al. 2017] providing excellent imagining quality for precise shape

measurements. The shape estimates were obtained with Lensfit code that performs a Bayesian

profile-fitting of the surface brightness to obtain an unbiased estimate of the the shear components

from the average ellipticities. The code was tested in simulations and real data [Kitching et al. 2008,

Miller et al. 2013], achieving very good results [Kitching et al. 2012] and became a suitable tool for

precise shape estimates in surveys with the imagining quality of CS82.

Lensfit was applied to the masked imaging data following the same pipeline as the CFTHLenS col-

laboration [Miller et al. 2013] and applying the shear calibration factors and testing the systematics

in the same way as Heymans et al. [2012]. For each source an additive calibration correction factor

c2 is applied to the ε2 shear component and a multiplicative shear calibration factor as a function

of the signal-to-noise ratio and size of the source, m(νSN, r), is also computed. Besides that, the

Lensfit shear measurements were also compared with other independent shear calibration methods

[Reyes et al. 2012, Melchior et al. 2014, Clampitt and Jain 2015] by Leauthaud et al. [2017] who have

found that a large unknown and unaccounted for bias in the Lensfit measurements is an unlikely

possibility. From the Lensfit output catalog we select the objects with weight w > 0, FITCLASS = 0

and MASK ≤ 1. These quantities are computed by Lensfit, where w is an inverse variance weight

for each source, FITCLASS is a star/galaxy separation flag to remove stars and select galaxies with

well measured shapes and MASK is a flag that indicates the quality of the photometry, where for

most of the weak lensing analysis MASK ≤ 1 is a robust cut to apply, as shown by Erben et al.

[2013]. We also select only galaxies with magnitudes 20 ≤ i′ ≤ 24.7.

The BPZ photometric redshift catalog includes, in addition to the photo-zs and errors, the parameter
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BPZ ODDS that varies between 0 to 1 and indicates catastrophic redshift errors. We removed from

our source galaxy sample all objects with BPZ ODDS ≤ 0.5. According to Hildebrandt et al. [2012]

and Benjamin et al. [2013] the photo-z of the sources degrade at zs > 1.3, which could be a concern

for our measurements. However, Leauthaud et al. [2017] performed a test computing the CS82

lensing signal with and without this redshift cut and have shown no statistically significant shift in

the signal. Therefore we do not apply any restriction on the maximum value of zs so as to maximize

the number of background sources. Finally, after applying all the aforementioned cuts we obtained

a final catalog with 2 809 764 sources, which give an effective weighted galaxy number density of

neff = 4.5 galaxies arcmin−2.

4.1.4 Density profile measurements

In this section we present how we measure the stacked lensing signal of redMaPPer and VT clusters

using the CS82 shear catalog. For the stacking of the lenses we define bins of redshift and observable

mass proxy.

In Figure 4.3 we show the redshift distributions for redMaPPer and VT clusters used in our stacked

measurements highlighting the boundaries of the low and high z bins. For the low redshift bin we

follow Simet et al. [2017] (hereafter S17), and define 0.1 ≤ zlow < 0.33. We have 230 redMaPPer

clusters at those redshifts, with 20 ≤ λ ≤ 128.7. The corresponding range of µ? for these clusters is

3.82× 1012M� ≤ µ? ≤ 13.85× 1012M�. For the VT sample we have 41 clusters in the low-redshift

bin. We also consider a higher redshift bin, 0.33 ≤ zhigh ≤ 0.6, for which there are 95 clusters in

the catalog. The VT clusters in these two redshift bins lie within the range 1.47× 1012M� ≤ µ? ≤

16.53× 1012M�.

Inside each redshift bin we separate the samples into four mass proxy bins, in such a way that we

have a similar number of clusters in each bin. For the redMaPPer catalog we repeat this procedure

twice, once for λ and once for µ? (see Table 4.1). The stacking in λ allows us to compare our

mass-richness results with S17 and other measurements reported in the literature. The binning in

µ? will enable us to compute the first mass-calibration of redMaPPer cluster using this new mass

proxy. Table 4.2 shows the z and µ? bins for the VT catalog.

As described in Section 2.3.3, from Equation (2.32) we can compute the surface density contrast

∆Σ over several lenses with similar physical properties to increase the lensing signal and reduce the
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Figure 4.3: Redshift distributions of the redMaPPer (purple) and VT (orange) clusters used in
our analysis. For our measurements we selected the redMaPPer sample in a low redshift bin (0.1 ≤
zlow < 0.33) and the VT sample in two redshift bins (0.1 ≤ zlow < 0.33 and 0.33 ≤ zhigh < 0.6).

Credits: Pereira et al. [2018b]

Mean z λ range Mean λ No. of clusters

0.249 [20, 23.42) 21.72 59
0.244 [23.42, 28.3) 25.64 59
0.247 [28.3, 39.7) 32.90 59
0.249 [39.7, 145) 58.06 53

Mean z µ? range Mean µ? No. of clusters

0.228 [0, 4.15) 3.40 59
0.252 [4.15, 5.20) 4.72 59
0.251 [5.20, 6.84) 5.97 59
0.259 [6.84, 14) 8.41 53

Table 4.1: Binning scheme and properties of the redMaPPer cluster sample. We use the same
low redshift bin as S17, but for the binning in λ we use a different scheme where we have a similar

number of clusters in each of the four richness bins. Here µ? is given in units of 1012M�.

z range Mean z µ? range Mean µ? No. of clusters

[0.1, 0.33)

0.220 [0, 5.78) 4.42 11
0.279 [5.78, 7.59) 6.84 11
0.278 [7.59, 10.55) 8.60 10
0.290 [10.55, 17) 11.45 9

[0.33, 0.6)

0.457 [0, 5.38) 4.17 28
0.428 [5.38, 6.58) 5.94 24
0.410 [6.58, 8.90) 7.57 24
0.380 [8.90, 17) 11.03 19

Table 4.2: Binning scheme and properties of the VT cluster sample. We separate in two redshift
bins and choose the µ? bins so as to have a similar number of clusters in each of the four bins. Here

µ? is in units of 1012M�.
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effect of substructures, uncorrelated structures in the line of sight, shape noise and shape variations

of individual halos.

In practice we use the inverse variance weight w from Lensfit to optimally weight shear measurements,

accounting for shape measurement error and intrinsic scatter in galaxy ellipticity. Then, for a given

lens i and a given source j, the inverse variance weight for ∆Σ is derived for Equation (2.32) and

expressed as wls,ij = wjΣ
−2
crit,ij . The quantity wls is used to compute ∆Σ trough a weighted sum

over all lens-source pairs

∆Σ =

∑Nl
i=1

∑Ns
j=1wls,ij × γt,ij × Σcrit,ij∑Nl
i=1

∑Ns
j=1wls,ij

, (4.5)

where Nl is the number of cluster lens and Ns is the number of source galaxies.

We compute ∆Σ in 20 logarithmically spaced radial bins from R ∼ 0.1h−1 Mpc to R ∼ 10h−1 Mpc.

In Miller et al. [2013] it was pointed out that a multiplicative correction for the noise bias needs

to be applied after stacking the shear. This correction can be computed from the multiplicative

shear calibration factor m(νSN, r) provided by Lensfit. An often used expression for this correction

[Velander et al. 2014, Hudson et al. 2015, Leauthaud et al. 2017, Shan et al. 2017] is given by

1 +K(zl) =

∑Nl
i=1

∑Ns
j=1wls,ij [1 +m(νSN,ij , rij)]∑Nl

i=1

∑Ns
j=1wls,ij

, (4.6)

and the calibrated lensing signal is computed as

〈∆Σcal〉 =
∆Σ

1 +K(zl)
. (4.7)

In order to reduce the dilution of the lensing signal due to uncertainties in the photo-zs that can

cause some background sources to be placed as foreground sources and vice-versa, we impose that

zs > zl + 0.1 and zs > zl + σ95/2 where zl is the lens redshift, zs is the source redshift and σ95 is the

95 per cent confidence limit on the source redshift provided by BPZ. These cuts were validated by

Leauthaud et al. [2017], who have found that the lensing signal is invariant over a range of lens-source

separation cuts, suggesting that dilution caused by foreground or physically associated galaxies is

not a large concern for CS82 weak lensing measurements (see their Appendix A1 for more details).

We compute the weak lensing signal ∆Σ from Equation (4.7) in 20 logarithmic bins in the range

(0.1−10)h−1 Mpc. As the errors on the weak-lensing signals are expected to be dominated by shape

noise, we do not expect a noticeable covariance between adjacent radial bins and we treat them as

independent in our analyses. The error bars in our lensing signals are obtained by bootstrapping on
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the individual clusters with N = 100 resamplings in each stack. Vitorelli et al. [2018] have tested

several bootstrap resampling values (e.g. N = 50, 150, 200, 300) and found no significant variation

of the error bars down to R . 4 Mpc.

We computed the cross component of the lensing signal (∆Σ×) and found no evidence of spurious

correlations in the weak-lensing signals, i.e. the ∆Σ× measurements are consistent with zero.

In Table 4.3 we present a summary of the systematics considered in this work, both for obtaining the

weak lensing signal ∆Σ and in the profile-fitting. Previous lensing works showed that the statistical

uncertainties dominate the error budget in CS82 [Battaglia et al. 2016, Leauthaud et al. 2017, Shan

et al. 2017], then we will assume systematics are sub-dominant in our lensing measurements such

that all error bars reported in this work are statistical only.

4.2 Profile-fitting of redMaPPer and VT clusters

To model the average lensing signal around each lens and then obtain their mass estimates we use a

model with two components: a perfectly centered dark matter halo profile and a miscentering term

where the assumed center does not correspond to the dynamical center of the dark matter halo.

For the first term we assume the clusters are well modeled by spherical NFW [Navarro et al. 1996]

haloes, on average, in which the 3-dimensional density profile is given by

ρ(r) =
δcρcrit

r
rs

(
1 + r

rs

)2 , (4.8)

where rs is the cluster scale radius, δc is the characteristic halo overdensity, ρcrit = 3H2(z)/8πG is

the critical density of the universe at the lens redshift and H(z) is the respective Hubble parameter.

In this work we use as cluster mass the massM200 contained within a radius r200 where the mean mass

density is 200 times the critical density of the universe. The scale radius is given by rs = r200/c200,

where c is the so-called concentration parameter. In our fitting procedure we follow Kettula et al.

[2015], van Uitert et al. [2012] and use the concentration-mass (c(M)) scaling relation from Duffy

et al. [2008] given by

c200 = 5.71×
(

M200

2× 1012h−1

)−0.084

× (1 + z)−0.47. (4.9)
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The mass measurements only have a weak dependence on the adopted c(M) relation, at least within

a radius where the profile is measured. Then, we would not expect our choice of c(M) to be relevant

in the mass estimation.

Bartelmann [1996], Wright and Brainerd [2000] provide an analytical expression for the projected

NFW profile, ∆ΣNFW and we use a Python implementation3 of these results for our profile-fitting

procedure.

The central galaxy of a cluster is usually very bright but is not necessarily the BCG. For instance,

Rykoff et al. [2016] pointed out that only ∼ 80− 85 per cent of the redMaPPer central galaxies are

BCGs and Zitrin et al. [2012] show that some BCGs present an offset from the center of their host

dark matter halo. This miscentering affects the observed shear profile [Yang et al. 2006, Johnston

et al. 2007, Ford et al. 2014]. We follow the correction scheme presented in Johnston et al. 2007,

Ford et al. 2015, Simet et al. 2017 to account for this effect.

If the 2-dimensional offset in the lens plane is Rs, the azimuthal average of the profile is

Σmisc(R) =

∫ ∞
0

dRsP (Rs)Σ(R|Rs), (4.10)

where

Σ(R|Rs) =
1

2π

∫ 2π

0
dθΣ

(√
R2 +R2

s + 2RRs cos θ
)
. (4.11)

In other words, the angular integral of the profile Σ(R) is shifted by Rs from the center. We also

use a probability distribution for Rs given by

P (Rs) =
Rs
σ2

off

exp

(
−1

2

R2
s

σ2
off

)
, (4.12)

which is an ansatz, assuming the mismatching between the center and Rs follows a 2-dimensional

Gaussian distribution. We use the Python implementation4 of Ford and VanderPlas [2016] to com-

pute the miscentering term. The width of the miscentering distribution (σoff) is fixed as 0.4h−1 Mpc

for simplicity. As noted in S17, this is an expected value for clusters with mass ∼ 1014M�.

Our complete theoretical modeling for ∆Σ, considering the centered halo and miscentering terms,

is given by

∆Σtheo = pcc∆ΣNFW + (1− pcc)∆Σmisc. (4.13)

3https://github.com/joergdietrich/NFW, v0.1
4https://github.com/jesford/cluster-lensing, v0.1.2

https://github.com/joergdietrich/NFW
https://github.com/jesford/cluster-lensing
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Systematic: Summary:

Shear measurement
Apply multiplicative shear calibration m(νSN, r)
Apply additive calibration correction factor c2 to ε2 component

Photometric redshifts
Apply zs > zl + 0.1 and zs > zl + σ95

2

Remove BPZ ODDS ≤ 0.5 to reduce systematic errors due to catastrophic outliers

Miscentering Apply same correction as Yang et al. 2006, Johnston et al. 2007, Shan et al. 2017

Table 4.3: Summary of the systematics we are take into account in the measurements of the lensing
signal and in the profile-fitting. Note that since we apply a radial cut in innermost and outer range,
following the same procedure as S17, our measurements are not affected by the central point mass

and the 2-halo terms.

In addition to the contribution from single (centered and miscentered) cluster halos, a variety of

studies in the literature have pointed out the need to consider other terms to better model the

measured profile. These often include a point mass term for a possible stellar-mass contribution of

the central galaxies and a so-called 2-halo term due to neighboring halos (i.e., due to the large-scale

structure of the Universe). In this work we avoid these two contributions as we are only interested

in measuring M200 and we do not have enough precision to fit for many free parameters in each

mass-proxy bin. For this sake, we perform the model-fitting in a restricted radial range. We follow

S17 and use Rmin = 0.3h−1 Mpc as the inner radius limit to avoid problems with the selection of

background galaxies and the increased scatter due to the low sky area, and also to reduce the effects

of the point mass contribution [see also Mandelbaum et al. 2010]. We define a richness-dependent

outer limit in the range Rmax ' (2.5− 3.5)h−1 Mpc to avoid the 2-halo contribution. S17 show that

the results are insensitive to the specific values of Rmax for a wide range of values.

Finally, for each sample in the radial range mentioned above, we perform the profile-fitting via

Bayesian formalism and Markov Chain Monte-Carlo (MCMC) method to compute the posterior dis-

tribution Pr(M200, pcc|∆Σobs) and then obtain the best estimate for the cluster mass (see Appendix

A for a brief description of Bayesian approach and MCMC). Following Vitorelli et al. [2018], we use

the logarithm of a flat prior for the mass in the rage of 1012h−1M� < M200 < 1015h−1M� and a

Gaussian prior on the miscentering term, N (pcc;Pcen, σPcen), for 0 < pcc < 1, where Pcen and σPcen

are the mean and standard deviation of the highest centering probabilities Pcen. We use the same

modeling approach for P ?cen, in both the redMaPPer and VT catalogs.

After performing the MCMC, a useful way to diagnose the posterior distributions is to look for the

“triangle” plots [Foreman-Mackey 2016]. The triangle plot shows all the one and two dimensional

projections of the posterior probability distributions of the parameters. This is useful to visualize

all of the covariances between parameters. In Figure 4.4 we present the triangle plots for the zlow

redMaPPer clusters in bins of λ, but using Pcen in the prior for miscetering term (top) and P ?cen
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(bottom). Although they reach similar profile-fitting results (as we will see later), it is interesting

to see that the use of P ?cen in the miscentering prior seems to better constrain the parameters. In

Figure 4.5 we show the same plot, but for zlow redMaPPer clusters in µ? bins and again P ?cen seems to

behave better. In Figure 4.6 we show the triangle plot for zlow (top) and zhigh (bottom) VT clusters

in µ? bins and using P ?cen for the prior in the miscentering term. We see that zlow parameters were

better constrained than parameters of the zhigh sample.

In Figure 4.7 we show the weak lensing profiles for the redMaPPer clusters. We present the measured

signal (black dots) and the best fits using Pcen in the Gaussian prior for miscentering (purple solid

line) and using P ?cen in the prior (orange dotted line). We also show the centered halo contribution

(purple dashed-dotted line) and the miscentering term (purple dotted line) from Equation (4.13) as

computed in the Pcen prior case. The dotted vertical lines correspond to Rmax and Rmin, which

define the range were the fit is performed. We show the low redshift sample in bins of λ (in the top

panel) and µ? (in the bottom).

We see from Figure 4.7 that the best fit results using Pcen and P ?cen are very similar, validating the

use of P ?cen for the miscentering correction, and in particular its application to the VT clusters. In

Figures 4.8 and 4.9 we show the profile-fitting results for the VT clusters in the low and high redshift

samples in bins of µ?. The best-fit values of the two parameters for all cases considered here are

presented in Table 4.4.

In our analyses we use M200 relative to critical matter density (hereafter M200c) of the Universe,

however, to enable the comparison with other works in the literature, it is useful to express the

results in terms of M200 relative to the mean density (M200m). To convert from M200c to M200m

we use the Colossus code5 [Diemer 2015]. In Table 4.4 we show the results in terms of both mass

definitions.

4.3 Mass-calibration of redMaPPer and VT clusters

From the weak lensing masses in Table 4.4 we obtain a mass calibration for redMaPPer clusters and

compare with the current results from literature. We then apply the same methodology to obtain

the mass-observable scaling relation for the new mass proxy µ?, both for the redMaPPer and VT

clusters.

5https://bitbucket.org/bdiemer/colossus

https://bitbucket.org/bdiemer/colossus
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z M200c (1014h−1M�) M200m (1014h−1M�) pcc

redMaPPer

20 ≤ λ < 23.42

0.1 ≤ z < 0.33

0.83± 0.23 1.08± 0.30 0.83± 0.11
23.42 ≤ λ < 28.3 1.30± 0.38 1.71± 0.49 0.75± 0.13
28.3 ≤ λ < 39.7 1.30± 0.27 1.71± 0.35 0.86± 0.10
39.7 ≤ λ < 145 2.90± 0.55 3.84± 0.71 0.71± 0.12

0 ≤ µ? < 4.15

0.1 ≤ z < 0.33

0.59± 0.19 0.77± 0.25 0.86± 0.10
4.15 ≤ µ? < 5.20 1.60± 0.42 2.10± 0.54 0.75± 0.13
5.20 ≤ µ? < 6.84 1.50± 0.36 1.97± 0.47 0.75± 0.13
6.84 ≤ µ? < 14 2.90± 0.52 3.82± 0.67 0.77± 0.11

VT

0 ≤ µ? < 5.78

0.1 ≤ z < 0.33

2.40± 0.65 3.20± 0.85 0.82± 0.10
5.78 ≤ µ? < 7.59 2.50± 0.49 3.27± 0.63 0.91± 0.04
7.59 ≤ µ? < 10.55 5.20± 1.10 6.86± 1.42 0.89± 0.03
10.55 ≤ µ? < 17 3.80± 0.92 4.97± 1.18 0.88± 0.04

0 ≤ µ? < 5.38

0.33 ≤ z < 0.6

2.50± 0.92 3.09± 1.13 0.75± 0.12
5.38 ≤ µ? < 6.58 2.40± 0.90 2.99± 1.11 0.79± 0.09
6.58 ≤ µ? < 8.90 3.30± 0.81 4.15± 1.00 0.82± 0.07
8.90 ≤ µ? < 17 5.50± 1.00 7.01± 1.25 0.86± 0.04

Table 4.4: Best-fit results for redMaPPer clusters in Figure 4.7 and for VT clusters in Figures
4.8 and 4.9. In the fitting we use a concentration-mass relation from Duffy et al. [2008] to fix c200

and we fix the width of miscentering distribution as σoff = 0.4h−1 Mpc. Our final model has just
two free parameters, the mass M200 (computed using the critical density and converted to the mean
density with Colossus) and the fraction of clusters that is correctly centered pcc. For the redMaPPer
clusters, we use the mean and standard deviation (σ) of Pcen in a Gaussian prior for pcc, while for
the VT clusters we use the mean and σ of P ?

cen for the Gaussian prior. The values of µ? that define
each stack are given in units of 1012M�. The uncertainties reported are statistical only.

In this work, the mass-richness relation for the redMaPPer mass proxy λ is given by the power law

expression

〈M200|λ〉 = M0

(
λ

λ0

)α
, (4.14)

where λ0 is a fixed pivot richness and the normalization M0 and the slope α are the free parameters.

For the new mass proxy we fit a power-law relation to the mass obtained in the µ? bins akin to

Equation (4.14):

〈M200|µ?〉 = M0

(
µ?
µ0
?

)α
, (4.15)

where the pivot value µ0
? is chose as the median value of the proxy in each sample.

4.3.1 redMaPPer mass-richness relation

To validate our mass estimates we make a comparison with S17, which uses the same redMaPPer

catalog in the same low redshift bin to compute a mass-richness relation. However, the analysis in
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M0(1014h−1M�) α

This work 2.46± 0.44 1.18± 0.38

Simet et al. 2017 2.21± 0.22 1.33+0.09
−0.10

Melchior et al. 2017 2.21± 0.35 1.12± 0.20
Oguri et al. 2014 2.53± 0.30 1.44± 0.27

Table 4.5: Comparison of the redMaPPer mass-richness relation in the zlow bin with three recent
results from the literature. The normalization M0 from Melchior et al. [2017] is converted to our
units. We also have to convert M0 from Oguri [2014] to our units and find a relation between their

richness N̂cor and λ. All calibrations are computed or converted to the pivot λ0 = 40.

S17 is not limited to the SDSS Stripe 82 region, which implies that they have more statistics than

us. On the other hand, our shape measurements are made in better quality images than SDSS and

using the state-of-the-art code Lensfit, which enables us to have a good SNR for our lensing signal

to make this comparison.

In Figure 4.10 we show our best-fit M200m versus λ relation (orange solid line) and its 2σ confidence

intervals (orange shaded regions). We show, for comparison, the S17 mass-richness relation (green

solid line). Using the same pivot richness as S17, λ0 = 40, we find M0 = (2.46± 0.44)× 1014h−1M�

and α = 1.18± 0.38 while they have obtained M0 = (2.21± 0.22)× 1014h−1M� and α = 1.33+0.09
−0.10.

Additionally, we present the mass-richness relation obtained by [Melchior et al. 2017, blue dashed line]

for clusters identified with redMaPPer in the DES Science Verification data, with shears measured

on that same data, in a similar low redshift bin (0.2 < zlow < 0.4). Their results, converted to our

units and pivot λ0 = 40, are M0 = (2.21± 0.35)× 1014h−1M� and α = 1.12± 0.20.

We also compare our results to the mass-richness relation for the red sequence based CAMIRA

code of Oguri [2014]. The CAMIRA code was applied to the same SDSS DR8 data and has its

own richness estimator, N̂cor. In order to convert their result to our units, we first performed a

cylindrical match between our sample and their catalog to find the mean relation between N̂cor and

λ. Our cylindrical match uses a search radius of 1 arcmin and ∆z = 0.05. We found 339 matched

clusters from which we derived the CAMIRA-redMaPPer richness scaling relation N̂cor = Aλ with

A = 0.819± 0.009. The mass calibration for CAMIRA is obtained for M200vir, which we convert to

M200m using Colossus, and we converted their calibration to the pivot λ0 = 40 as well. We find that

their converted results are M0 = (2.53± 0.30)× 1014h−1M� and α = 1.44± 0.27. These results are

summarized in Table 4.5.

Despite using different data and slightly different approaches, we see that our mass measurements

are in excellent agreement with those results from the literature, which validates our methodology

to obtain average mass estimates from the stacked weak lensing signal.
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Figure 4.10: Comparison of the mass-richness relations of redMaPPer clusters in the zlow interval.
The adopted zlow interval is the same for S17 (green solid line) and this work (orange solid line).
Melchior et al. [2017, blue dashed line] work in the range 0.2 ≤ z < 0.4 while Oguri [2014, red dashed
line] use the range 0.1 < z < 0.3 for its low redshift interval. We show the 2σ confidence intervals
(orange shaded region) for the cluster mass M200m as a function of the richness λ from this work.
The value of the normalizations and slopes are shown in Table 4.5. The uncertainties in the mass

are statistical only.

As mentioned, we also computed µ? for the redMaPPer clusters. We fit the power-law relation of

Equation (4.15) with pivot value µ0
? = 5.16 × 1012M�. We find M0 = (1.77 ± 0.36) × 1014h−1M�

and α = 1.74± 0.62. In Figure 4.11 we show the best fit M200m×µ? relation (solid orange line) and

its 2σ confidence intervals (orange shaded region) for the zlow interval.

4.3.2 VT – µ? mass-calibration

In Figure 4.12 we show M200m×µ? for VT clusters in the zlow interval, following the same approach

we used to calibrate the mass as a function of µ? in the redMaPPer cluster sample. The orange

solid line is the best-fit result and the orange shaded regions are the 2σ confidence intervals for

this VT sample. The pivot is µ0
? = 7.30 × 1012M� and we find M0 = (4.31 ± 0.89) × 1014h−1M�
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Figure 4.11: Mass-calibration with 2σ confidence intervals for redMaPPer clusters binned in µ?

in the zlow interval. For the mass estimates we apply the miscentering correction. In the mass–µ?

relation we adopt the median of µ? as the mass proxy pivot, µ0
? = 5.16× 1012M�. The uncertainties

in the mass are statistical only.

and α = 0.59 ± 0.54. For comparison, we show as purple shaded regions the same 2σ confidence

intervals obtained for the redMaPPer clusters shown in Figure 4.11. We see a good agreement at

this confidence level, despite the fact that the cluster samples are significantly different. Actually

if we consider the VT and redMaPPer data points altogether, i.e., if we combine the VT µ? bins

and corresponding masses and the redMaPPer µ? bins and respective masses, we obtain a power-law

fit as good as the one for the VT points only. In other words the redMaPPer mass-µ? relation is

compatible the the VT one.

We present the mass-calibration results for the zhigh interval of VT clusters in Figure 4.13. The solid

orange line and orange shaded regions are the best-fit and the 2σ confidence intervals, respectively.

We have used a pivot µ0
? = 6.30 × 1012M� and find M0 = (3.67 ± 0.56) × 1014h−1M� and α =

0.68± 0.49. As previously mentioned, we were able to extend our analysis of the VT sample to the

higher redshift range 0.33 < z < 0.6 because the VT clusters were identified in the SDSS co-add
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Figure 4.12: Mass-calibration with 2σ confidence intervals (orange shaded regions) for VT clusters
binned in µ? in the zlow interval. Miscentering corrections were applied in the mass estimates. In
the mass-richness relation the pivot is µ0

? = 7.30× 1012M�. For comparison, we also present the 2σ
confidence intervals (purple shaded regions) for the redMaPPer zlow clusters. The uncertainties in

the mass are statistical only.

Sample µ0
?(1012M�) M0(1014h−1M�) α

RM zlow 5.16 1.77± 0.36 1.74± 0.62
VT zlow 7.30 4.31± 0.89 0.59± 0.54
VT zhigh 6.30 3.67± 0.56 0.68± 0.49

Table 4.6: Summary of mass-µ? calibration for redMaPPer (RM) and VT clusters obtained from
this work. We present the normalization M0 and slope α values by fitting the Equation 4.15 as well
the proxy pivot µ0

? adopted for each sample, i.e. RM clusters at 0.1 ≤ zlow < 0.33 and VT clusters
in the same RM low redshift bin as well as a high redshift bin 0.33 ≤ zhigh < 0.6.

data, which is deeper than SDSS single epoch data used to identify the redMaPPer sample. In

addition, the CS82 shear catalog is still reliable for lenses at these redshifts. The results of the all

mass-µ? calibrations are summarized in Table 4.6.



Chapter 4. WL Analysis and Mass Calibration 54

3 5 7 9 11 13
µ [1012M¯]

1013

1014

1015

M
20

0m
[h
−

1
M
¯
]

VT clusters on CS82, 0. 33 z< 0. 6

M0 =(3. 67± 0. 56)× 1014h−1M¯,
α=0. 68± 0. 49

Figure 4.13: Mass-calibration with 2σ confidence intervals (orange shaded regions) for VT clusters
binned in µ? in the zhigh interval and pivot µ0

? = 6.30× 1012M�. The uncertainties in the mass are
statistical only.

4.4 Matching redMaPPer and VT clusters

As we mentioned, some of the most popular methods to find clusters rely on the assumption that

such objects are formed by an agglomeration of red galaxies. These red-sequence methods, however,

will have diminished performance for clusters with a large blue-to-red fraction of galaxies and lacking

the red-sequence feature (“blue clusters”). Blue clusters are expected to be a small fraction of the

total number of clusters, but might be a selection effect that is not taken into account.

In addition to the mass-calibration analysis, we performed a more detailed study of the redMaPPer

and VT clusters, in order to identify possible blue clusters. We assume that if we performed a

matching between redMaPPer and VT clusters and find unmatched VT clusters, this would be an

evidence for the presence of blue clusters. The key point is to have a precise procedure to match the

catalogs. In order to do that, we chose to follow a procedure based on the positional matching and

fractions of members, to avoid the matching of clusters at different redshifts, for example. These
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fractions f are defined as the number of matchings with respect to the number of members in

common for a given catalog, f =
Nmatch

VT,RM

Nmembers
RM,VT

.

In practice, we perform the positional matching of the member in the catalogs in a radius of 1 arcmin,

which is the typical scale for the angular size of galaxies. Each member in both catalogs has the

host cluster ID. Then, after the matching we can group this members again and identify how many

clusters remain. After, we apply a cut in z and richness to keep the most massive clusters. Then, we

take one of the catalogs as reference e compute the matching fractions. In our final matching catalog,

only clusters that share more than 50 % of the members are kept, i.e. clusters with f > 0.5. It is

important to note that in the grouping step, some of the clusters are identified as multiple objects

in the other catalog. To solve this issue, we rank the clusters by richness and just keep the ones

that present more shared members. For instance, if a redMaPPer cluster is identified as 3 others

VT clusters that have 20, 10 and 5 shared members, we just keep the VT cluster with 20 shared

member as the matched cluster and then compute its matching fractions.

After apply this procedure both taking RM and VT as reference catalog, we obtained a final matching

catalog of 53 clusters and 30 unmatched VT clusters. We investigate this unmatched clusters and

after some tests, we just found out that this VT clusters were not in redMaPPer catalog because

of the applied mask. Then, our hypothesis that we could have selection effects due to the galaxy

population in the cluster did not hold, giving evidence that redMaPPer is a robust method to identify

galaxy clusters.

4.5 Weak lensing on SOGRAS

As we have discussed in Section 3.3, SOGRAS is a survey that observed 47 galaxy clusters and

some of them are in the CS82 footprint. Also, the SOGRAS clusters had their masses measured by

Cibirka [2013] through the velocity dispersion technique (i.e. dynamical mass). Since we have the

shape measurements for some of them, we could also perform a weak lensing analysis in this sample

to estimate their masses and compare with the dynamical masses. In the CS82 footprint there are

28 SOGRAS clusters (see Figure 4.14), which are used in our weak lensing mass estimates. For the

dynamical analysis all the 47 clusters were used. In this section, I describe the preliminary results

for the weak lensing mass measurements for the SOGRAS survey. In this analysis we use the tools

and methods described in the previous sections.
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Figure 4.14: Sky distribution of SOGRAS clusters in the CS82 footprint.

First, we reproduce the same binning scheme of the dynamical estimates. The clusters are divided in

two redshift bins, centered in z = 0.3 and z = 0.5, and in a low and a high richness Ngals
6 intervals of

Ngals < 35 (low) and Ngals ≥ 35 (high), respectively. We also compute the mass estimates without

this richness binning.

We perform a simple NFW profile-fitting to these samples in 8 logarithmic bin from 0.1− 5h−1 Mpc

and fix the concentration by a Duffy concentration-mass relation.

In Figure 4.15 we present our preliminary results for the measured signal (black dots) together with

the best-fit model (green curve) and projection of our MCMC results into the space of the observed

data, i.e. 100 samples from the MCMC chains (yellow curves). In Table 4.7 we summarize our weak

lensing preliminary results in comparison with the dynamical estimates.

z Ngals Mdyna. (1014M�) MWL (1014M�)

0.3 all 6.33−2.14
+3.87 2.10−0.40

+0.42

0.5 all 8.60−1.58
+5.20 1.97−0.49

+0.56

0.3 low 3.46−0.83
+2.62 1.41−0.43

+0.50

0.3 high 10.4−3.96
+7.50 3.79−0.62

+0.65

0.5 low 6.82−1.78
+5.88 0.20−0.14

+0.25

0.5 high 13.6−6.53
+3.40 3.97−0.69

+0.71

Table 4.7: Preliminary results for SOGRAS cluster weak lensing masses in different bins of z and
richness.

6The richness Ngals is computed with the code ECGMM [Hao et al. 2010] and the intervals were chosen such that
each richness bin has a similar number of clusters for the dynamical mass analysis.
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Z=0.3, all Ngals Z=0.5, all Ngals

Z=0.3, Ngals< 35 Z=0.3, Ngals≥ 35

Z=0.5, Ngals< 35 Z=0.5, Ngals≥ 35

Figure 4.15: Best-fit results for SOGRAS clusters in different bins of z and richness Ngals.

In this preliminary analysis we can see a discrepancy in the mass estimates. The weak lensing masses

are systematically lower than the dynamical masses. However, we should have a more careful look

in the profile-fitting choices, since this preliminary analysis was done with arbitrary choices (e.g.

radial range for the fit, concentration-mass relation, etc). The interesting thing is that even though

we just have 28 clusters, we still have an appreciable lensing signal for most of the samples.



Chapter 5

Summary

In this chapter I summarize the results of the projects developed in this thesis, with a focus on

the main topic of weak lensing mass-calibration of redMaPPer and VT clusters with the new mass

proxy µ?. Other studies were carried out during the PhD, including searches for strong lenses, strong

lensing modeling and galaxy morphometry.

5.1 Imaging surveys

In Chapter 3, I described the surveys which provided the data used throughout this thesis. In par-

ticular, SOGRAS, CS82 and VICS82 were planned and motivated for gravitational lensing studies.

In SOGRAS I have participated from the target selection in the two observing seasons (which is de-

scribed in Furlanetto et al. [2013]) to developing strong lensing studies to estimate the cluster mass

from the curvature radius (however, this project is still in its early stages, see Section 5.2). Recently,

I have measured the weak lensing signal for 28 SOGRAS clusters that are in the CS82 footprint. In

this analysis we have split the clusters in redshift (z = 0.3 and z = 0.5) and richness (Ngals ≤ 35

and Ngals > 35) bins in order to perform the stacked measurements and determine the cluster mass

to be compared with the dynamical mass estimates from Cibirka [2013]. The preliminary results

show a discrepancy between the weak lensing and dynamical masses, with the weak lensing estimates

systematically lower. However, this analysis should be reviewed in more details, specially in relation

to the choices in the profile-fitting. The results from this work will be described in Pereira et al.

[2018a] (in preparation), together with the characterization of the strong lensing systems.
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Most of the work I developed in this thesis was related to the CS82 survey. This survey has an

excellent imagining quality as was designed for weak and strong lensing studies. I participated

in several analyses developed for this survey. First, I performed tests to determine the optimal

configurations with SExtractor to obtain a detection catalog of the objects in the images. These

catalogs were crucial for all analyses carried out in CS82 (e.g. shape measurements with Lensfit,

photo-z with BPZ, etc). Because of this contribution, I participated in several publications of the

CS82 collaboration [Comparat et al. 2013, Charbonnier et al. 2017, Leauthaud et al. 2017, Niemiec

et al. 2017, Shan et al. 2017, Wang et al. 2018].

Once we generated the detection catalogs, we were also able to obtain the morphology catalogs

for the survey. I developed similar tests for the optimal configurations in the object model-fitting

with SExtractor+PSFEx. I have also compared the morphological parameters derived from this

analysis, mainly the ellipticity of the objects, with the ones obtained from standard weak lensing

codes (Lensfit and Imcat). I have found that SExtractor+PSFEx has comparable estimates with

them, which make us confident that our morphological catalogs are robust to be apply in scientific

studies. The first applications of the morphometric catalogs are described in Charbonnier et al.

[2017] and Soo et al. [2018]. Finally, I performed stacking weak lensing measurements with the CS82

shape catalog, which is described in Section 5.3 and in the submitted paper Pereira et al. [2018b].

CS82 motivated VICS82 [Geach et al. 2017], which is an infrared survey performed in the same

footprint as CS82. VICS82 aims to have applications in gravitational lensing, quasars and galaxy

evolution studies among others scientific cases. I started to work with VIC82 data in the checking

of object detections and generation of masks for the survey images in order to have catalogs with

good quality for scientific applications. For future work, we are interested in using VICS82 data for

the the stellar mass estimates, which might be useful to improve our µ? mass proxy.

5.2 Strong lensing studies

In Appendix B, I describe the strong lensing studies in which I have been involved during the past

years. I have started these studies by participating in visual searches for strong lensing systems such

as the one described in Nord et al. [2016].

I have also started to be familiar with the mass estimates from strong lensing systems through the

curvature radius of gravitational arcs obtained with Mediatrix code. Although the way Mediatrix

works is simple, the big difficulty is to provide a good input image for the code, with isolated and not
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fragmented objects. I have been working in this issue with SOGRAS data. Once I have optimized

the input images for Mediatrix, it will be straightforward to obtain the mass estimates from the

curvature radius, allowing the comparison with dynamical and inverse modeling estimates [Pereira

et al. 2018a].

5.3 Weak lensing mass-calibration of VT and redMaPPer clusters

The main result of this thesis is described in Chapter 4, namely the weak lensing mass-calibration

of redMaPPer and VT clusters in bins of redshift and two different mass proxies.

We perform a weak lensing mass calibration of µ?, a cluster mass proxy that includes information

about galaxies regardless of their color. Unlike the empirically determined red sequence–based mass

proxies, µ? is physically motivated: the stellar mass inside a dark matter halo can be expected to

trace the dark matter halo mass. Furthermore, it turns out that the stellar mass is a relatively

robust observable [see Conroy 2013, and references therein] and independent of the history of the

formation of the red sequence. The redshift at which the red sequence forms in clusters is not

currently known, and at high enough redshifts redMaPPer will become increasingly incomplete in

terms of finding dark matter halos. Additionally, stellar masses are easier to model in simulations

than the red sequence [e.g., Roediger et al. 2017].

It is natural to use a well studied sample of clusters in the development of a new mass proxy, and

to use a well-studied mass proxy to validate our methodology. We have measured the redMaPPer

λ-mass scaling relation and showed results consistent with similar scaling relations reported in the

literature. We then performed the scaling relation measurement on the same redMaPPer clusters

binning on µ? instead of λ. The most direct comparison between the two scaling relations is made

at the pivot point: the slope and the mass at the pivot point are consistent between the λ and µ?

proxies.

Since we applied the methodology on the same clusters in measuring both scaling relations, our

results can be directly interpreted. Imagine a scenario in which all cluster members are in the red

sequence. There would be a maximal correlation between λ and µ? as all red galaxies have very

similar mass-to-light ratios. The scaling relations would, therefore, be nearly identical. If we change

the scenario to include blue galaxies and compute a λ-like proxy, the slope of the λ-like proxy with

mass would be shallower because the luminosity of the blue galaxies is most often driven by single

star formation events and the high luminosity of young massive stars, and large numbers of low
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luminosity galaxies would be pushed above the threshold. If the µ? proxy were similarly affected by

blue galaxies our measured slope would be shallow. The fact that our measurements of the scaling

relations in redMaPPer are so close to each other indicate that the stellar mass in these systems

is tracing dark matter mass with not much worse scatter than λ. In low z clusters it is known

that nearly all members are red and therefore our results are not surprising here. At high redshift,

however, this is not true. A red-sequence selected high z sample might show a significant difference

between λ and µ? mass calibrations as the red sequence begins to form.

We explore the applicability of our methodology to color agnostic cluster finders by performing the

scaling relation measurement of VT clusters. The results are again consistent with those obtained

for the redMaPPer clusters in this redshift range, as expected, indicating that our methods hold

for other cluster selection algorithms. A clear result of our work is the recommendation that µ? be

incorporated as the mass proxy for VT clusters.



Appendix A

Bayesian approach and MCMC

To perform the profile-fitting we use the Bayesian formalism together with the Markov Chain Monte-

Carlo (MCMC) method. In the following, we will briefly review these methods largely based on van

Ravenzwaaij et al. [2018] and Lee and Wagenmakers [2014]. The general principles of Bayesian

inference rely on the use of the information from the observed data X about a set of parameters θ,

i.e. the likelihood, to update a prior state of beliefs about θ to become a posterior state of beliefs

about θ. Formally, the Bayes’s rule specifies how we can combine the likelihood Pr(X |θ) with the

information of the prior distribution Pr(θ), to arrive at the posterior distribution Pr(θ|X )

Pr(θ|X ) =
Pr(X |θ)Pr(θ)

Pr(X )
. (A.1)

This equation is often stated as

posterior =
likelihood× prior

evidence
, (A.2)

where the evidence (i.e. Pr(X )) is the probability of the observed data. It does not involve the pa-

rameters θ and is given by a single number that ensures that the area under the posterior distribution

equals 1. Equation A.1 is commonly written as

Pr(θ|X ) ∝ Pr(X |θ)Pr(θ), (A.3)

which says that the posterior is proportional to the likelihood times the prior. In summary, the pos-

terior distribution is a combination of what we knew before we saw the data (i.e., prior distribution),

and what we have learned from the data.
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In general, the posterior distribution for a restricted set of relatively simple models can be obtained

analytically. In practice, one does not have access to such an analytical expression for posterior

distributions. In Bayesian inference, this problem is most often solved via MCMC, which is a

computer-driven sampling method. It allows one to characterize a distribution without knowing all

of the distribution’s mathematical properties by randomly sampling values out of the distribution.

The method combines two features: Monte-Carlo and Markov chain. Monte-Carlo is the practice

of estimating the properties of a distribution by examining random samples from the distribution.

The Markov chain feature of MCMC is the idea that the random samples are generated by a special

sequential process. Each random sample is used as a stepping stone to generate the next random

sample (hence the chain). A special property of the chain is that, while each new sample depends

on the one before it, new samples do not depend on any samples before the previous one (this is

the “Markov” property). Then, MCMC is particularly useful in Bayesian inference because of its

ability of drawing a sequence of samples from the posterior, and examining their mean, range, and

so on. From MCMC techniques such as Gibbs sampling or the Metropolis-Hastings algorithm, we

can directly sample sequences of values from the posterior distribution of interest, forgoing the need

for closed-form analytic solutions.

To describe the basic idea of the Metropolis-Hastings algorithm [Metropolis et al. 1953, Hastings

1970], we closely follow references Marshall [2003], Robert [2015], Zheng [2016]. Given a probability

density π called the target, defined in the state (i.e parameter) space X , which is known only

up to some multiplicative constant , π(θ) ∝ π̃(θ), the Metropolis-Hastings algorithm proposes a

generic way to construct a Markov chain on X that is ergodic and stationary with respect to π –

meaning that, if X(t) ∼ π(θ), then X(t+1) ∼ π(θ) – and that therefore converges in distribution to

π. If the chain is running for a sufficiently long time, the generated values from the chain can be

regarded as an approximate sample from the target distribution and used as a basis for summarizing

important characteristics of π. The standard approach to generate a Markov chain with an invariant

distribution π consists of using the Metropolis-Hastings algorithm where new values θ∗ are drawn

from an arbitrary proposal distribution q and then to be accepted or rejected according to the

acceptance function

A(θ, θ∗) = min

{
1,
π̃(θ∗|X )q(θ|θ∗)
π̃(θ|X )q(θ∗|θ)

}
, (A.4)

where the candidate X(t+1) is more likely than X(t), if A ≥ 1. That is how the algorithm covers the

parameter space X .
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This accept-reject criteria is therefore sufficient to turn a simulation from an almost arbitrary pro-

posal density q into a generation that preserves π as the stationary distribution. In other words, this

algorithm enables us to compute the posterior distribution – π(θ|X ) = Pr(θ|X ) ∝ Pr(X |θ)Pr(θ) –

of our Bayesian approach. In our notation, implementing the Metropolis-Hastings algorithm requires

computing the acceptance function

A(θ, θ∗) = min

{
1,
P r(θ∗|X )Pr(θ∗)q(θ|θ∗)
Pr(θ|X )Pr(θ)q(θ∗|θ)

}
. (A.5)
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Strong Lensing studies

B.1 Arcs visual search in DES

As described in [Nord et al. 2016], the visual inspection carried out in the DES SV images relied

on morphology and color to identify lens candidates. In this inspection we searched for arc– and

ring–like features, and multiple imaged sources, in association with red lensing galaxies or galaxy

groups. Another typical search criteria is to look for blue source images in association with red

galaxies, but some systems with red source images were also identified.

Two types of visual inspections were performed: a non-targeted search of all ∼ 250 sq. deg. of the

SV DES data and a targeted inspection of previously identified galaxy clusters. I have participated

in the non-targeted search, examining 11 tiles from a total of 136 distributed between the inspectors.

The combined non-targeted and targeted search samples were merged, and assessed by a team of

experienced inspectors that ranked the systems and obtained a result of 53 promising candidates.

From this sample, 24 candidates were selected because they were most suitable for spectroscopic

follow-up. After the observations, 6 candidates were confirmed as new strong lensing systems (see

Figure B.1).

B.2 Morphometric modeling with Mediatrix

Recently, a large number of surveys to search for strong lensing system have been carried out.

Currently, 674 systems1 are known and this number will continue to increase with the current and

1http://admin.masterlens.org/index.php
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Figure B.1: Color coadded DES images of the six spectroscopically confirmed strong lensing sys-
tems. Credits: Nord et al. [2016]

future surveys wide-field imaging surveys. These systems can be used to model the mass of galaxies

and clusters. As shown in Section 2.2, the mass modeling can be done through the curvature radius

of the systems or by the inverse modeling technique applied to multiple images, with algorithms

such as lenstool2. Caminha [2014] presented the modeling with lenstool for two of the 47 clusters of

the SOGRAS survey.

In addition, many more systems with arcs allow us to estimate a curvature radius than those who

have multiple images. For the case of mass modeling via curvature radius, it is important to verify

that there is no biases in mass measurements.

In this analysis we are interested in comparing the results of the inverse modeling from Caminha

[2014] with estimates from the curvature radius. We also want to obtain the mass estimates for

SOGRAS clusters by this technique, even if there are no independent estimates to compare. In

the following we describe the code that allows implementing this technique, the Mediatrix, and its

preliminary results obtained for the SOGRAS clusters.

2https://projets.lam.fr/projects/lenstool/wiki
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Figure B.2: Steps in the Mediatrix Filamentation method for a iteraction of n = 3 in a object
ArcEllipse. For clarity, only one vector and some points and segments are shown. Credits: Bom

et al. [2017].

The Mediatrix [Bom et al. 2012, Bom et al. 2017] is an algorithm developed for measuring and search

for gravitational arcs, whose operation is based on the geometric property of the perpendicular

bisector of a pair of points in a circle. In this case, for any pair of points the lines that mark the

perpendicular bisector always intersect in the center of the circle. Starting from this idea one can

decompose an elongated object into a set of points along its length using an iterative method that

uses recurrently bisectors between points of the object to create new points. If this object is an

arc shaped segment the perpendicular bisector to the pairs of points will intersect points near the

center of curvature. An advantage is that this method can be used to determine segments along the

extension of elongated object, i.e. to “filament” an object regardless of the presence of curvature.

The output of Mediatrix is a set of N vectors ni with |ni| = li, where li is the distance between pairs

of neighboring perpendicular bisector points. The orientation is perpendicular to li and its origin is

in the midpoint of li.

We can define a center of curvature based on all Mediatrix filament points, i.e. the point that

minimizes the distance to the lines defined by vectors ni. For this purpose the following function is

defined

M(r) :=
1

N

N∑
i=1

|d(r,n)|2, (B.1)

where |d| is the distance from the point r to the line defined by ni (see Figure B.2). The center of

curvature is defined as the point r0 which minimizes M(r).

This center of curvature defines a curvature radius rarc, in the case of gravitational arcs, which can
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Figure B.3: Example of an input image for Mediatrix from a arc in SOGRAS/GEMINI. In this im-
age there is another detected object in the image, which causes Mediatrix to not correctly determine

the extremes of the main object.

be seen as an approximation to the Einstein radius θE of the system. Thus, θE ∼ rarc, and the mass

within this radius can be obtained by the expression

M(rarc) = Σcritπ(Dlrarc)
2. (B.2)

Then, we can compare this mass estimate with those from the inverse modeling of lenses or from

the dynamic masses estimates.

In the SOGRAS survey, 8 clusters with gravitational arcs were identified. From these, four were

observed with the Gemini Multi-Object Spectrograph (GMOS) telescope with the GEMINI telescope.

These images are deeper and with better resolution, in addition, the spectra of the cluster member

galaxies were taken, allowing the determination of their dynamical masses.

We use these images with better quality to apply Mediatrix. To have a good result, we need the

arcs to be well segmented with SExtractor, e.g. to use a configuration that does not “break” the

arcs. We need to cut the input images so that we have only one arc in each Mediatrix input, without

contamination with neighboring objects, as this may hinder the determination of the extremes of

the object. In Figure B.3, we show an example of an object that was not well separated to be a

Mediatrix input image.

At the moment, we are determining the best configurations and cuts in the input images of the

SOGRAS/GEMINI samples. After these tests, running Mediatrix in this sample is a relatively

straightforward process, since this code was developed in Python by our group and is available in

the SLtools library.
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Beńıtez, N. (2000). Bayesian Photometric Redshift Estimation. ApJ, 536:571–583.

73



Bibliography 74

Benjamin, J. et al. (2013). CFHTLenS tomographic weak lensing: quantifying accurate redshift

distributions. MNRAS, 431:1547–1564.

Binney, J. and Tremaine, S. (1987). Galactic dynamics.

Blandford, R. and Narayan, R. (1986). Fermat’s principle, caustics, and the classification of gravi-

tational lens images. ApJ, 310:568–582.

Blanton, M. R. and Roweis, S. (2007). K-Corrections and Filter Transformations in the Ultraviolet,

Optical, and Near-Infrared. AJ, 133:734–754.

Bom, C. R. et al. (2017). A neural network gravitational arc finder based on the Mediatrix filamen-

tation method. A&A, 597:A135.

Bom, C. R., Makler, M., and Albuquerque, M. P. (2012). Mediatrix method for filamentation of

objects in images. ArXiv e-prints: 1212.1799.

Bond, I. A. et al. (2004). OGLE 2003-BLG-235/MOA 2003-BLG-53: A Planetary Microlensing

Event. ApJ, 606:L155–L158.

Bradac, M. (2004). Exploring Dark Matter Properties from the Smallest to the Largest Scales. PhD

thesis, Rheinischen Friedrich-Wilhelms Universität Bonn, Bonn.

Bridle, S. et al. (2009). Handbook for the GREAT08 Challenge: An image analysis competition for

cosmological lensing. Annals of Applied Statistics, 3:6–37.

Bridle, S. et al. (2010). Results of the GREAT08 Challenge: an image analysis competition for

cosmological lensing. MNRAS, 405:2044–2061.

Bundy, K. et al. (2015). The Stripe 82 Massive Galaxy Project. I. Catalog Construction. ApJS,

221:15.
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PhD thesis, Centro Brasileiro de Pesquisas F́ısicas, Rio de Janeiro.
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