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Abstract
Dark Matter in Galaxy Clusters: Shape, Projection, and Environment
Austen M. Groener
Dr. David Goldberg

We explore the intrinsic distribution of dark matter within galaxy clusters, by combining insights
from the largest N-body simulations as well as the largest observational dataset of its kind.

Firstly, we study the intrinsic shape and alignment of isodensities of galaxy cluster halos extracted
from the MultiDark MDR1 cosmological simulation. We find that the simulated halos are extremely
prolate on small scales and increasingly spherical on larger ones. Due to this trend, analytical
projection along the line of sight produces an overestimate of the concentration index as a decreasing
function of radius, which we quantify by using both the intrinsic distribution of 3D concentrations
(c200) and isodensity shape on weak and strong lensing scales. We find this difference to be ~ 18%
(~ 9%) for low (medium) mass cluster halos with intrinsically low concentrations (cz00 = 1 — 3),
while we find virtually no difference for halos with intrinsically high concentrations. Isodensities are
found to be fairly well-aligned throughout the entirety of the radial scale of each halo population.
However, major axes of individual halos have been found to deviate by as much as ~ 30°. We
also present a value-added catalog of our analysis results, which we have made publicly available to
download.

Following that, we then turn to observational measurements galaxy clusters. Scaling relations
of clusters have made them particularly important cosmological probes of structure formation. In
this work, we present a comprehensive study of the relation between two profile observables, con-
centration (cyiy) and mass (Myi;). We have collected the largest known sample of measurements
from the literature which make use of one or more of the following reconstruction techniques: Weak
gravitational lensing (WL), strong gravitational lensing (SL), Weak+Strong Lensing (WL+SL), the
Caustic Method (CM), Line-of-sight Velocity Dispersion (LOSVD), and X-ray. We find that the
concentration-mass (c-M) relation is highly variable depending upon the reconstruction technique
used. We also find concentrations derived from dark matter only simulations (at approximately
M,ir ~ 10Mg) to be inconsistent with the WL and WL+SL relations at the 1o level, even af-
ter the projection of triaxial halos is taken into account. However, to fully determine consistency
between simulations and observations, a volume-limited sample of clusters is required, as selection
effects become increasingly more important in answering this. Interestingly, we also find evidence for

a steeper WL4-SL relation as compared to WL alone, a result which could perhaps be caused by the



varying shape of cluster isodensities, though most likely reflects differences in selection effects caused
by these two techniques. Lastly, we compare concentration and mass measurements of individual
clusters made using more than one technique, highlighting the magnitude of the potential bias which
could exist in such observational samples.

Finally, we explore the large-scale environment around galaxy clusters using spectroscopically
confirmed galaxies from the Sloan Digital Sky Survey (SDSS) Data Release 10. We correlate the
angular structure of the distribution of galaxies (out to a distance of 10h~! Mpc) around 92 galaxy
clusters with their corresponding mass and concentration measurements. We find that the orientation

of the cluster environment on this scale has little impact on the value of cluster measurements.

ABSTRACT






Chapter 1: Introduction

Clusters of galaxies are some of the most interesting and complex systems in the universe. Clusters
are gravitationally bound collections of at least several hundred to a few thousand galaxies within
a region of a few megaparsecs, and are the most massive and recent objects to form. Clusters also
trap and heat large amounts of gas to 107 — 10% K, causing them to emit strongly in the X-ray
(Figure 1.1) via free-free electron-ion interactions (bremsstrahlung). However, a diffuse “halo” of
dark matter surrounds (and extends well beyond) the luminous portions of clusters. This dark
matter halo dominates the cluster by mass (~ 85%), and is the primary driver of cluster formation
and dynamics.

Because clusters are the largest collapsed objects known, they are outstanding probes of cosmol-
ogy generally. The mass function of nearby galaxy clusters provides constraints on the amplitude
of the power spectrum at the cluster scale, while its evolution can be used to measure the matter
and Dark Energy density parameters (Rosati et al., 2002; Voit, 2005). The evolution of clustering
properties of the large-scale distribution of clusters, specifically the correlation function and power
spectrum, are highly sensitive to the value of the density parameters through linear growth rate
perturbations (Borgani & Guzzo, 2001; Moscardini et al., 2001). Furthermore, due to the incredibly
deep gravitational potential wells produced, the baryon fraction of the universe (Qy /o) may be
estimated by observing in optical wavelengths, if clusters are assumed to be effective containers of
baryons (Fabian, 1991; White et al., 1993). Measuring the baryonic content of clusters can also
be done by making use of the Sunyaev-Zel’dovich (SZ) Effect (Sunyaev & Zeldovich, 1972). This
effect causes the energies of photons arriving from the cosmic microwave background to be shifted
to higher values, due to inverse-Compton scattering between these photons and highly energetic
electrons located between the galaxies in clusters (for a review, see Birkinshaw 1999).

In this work, we focus on the internal distribution of dark matter, called the radial density profile,

and how its properties may be measured.



Figure 1.1: Optical image of Abell 383, with X-ray (purple) from Chandra showing the location
of the hot gas. Credit: X-ray: NASA/CXC/Caltech/A .Newman et al/Tel Aviv/A .Morandi
& M.Limousin; Optical: NASA/STScI, ESO/VLT, SDSS Scale:  7.26 arcmin across (4.84

million light years)

1.1 The Radial Density Profile

Large scale N-body simulations are an incredibly powerful tool to investigate the distribution of
mass within clusters (Navarro et al., 1996; Bullock et al., 2001a; Springel et al., 2005; Klypin et al.,
2011; Prada et al., 2012a). Unlike observed clusters (which are limited to a single vantage point),
simulated clusters can be studied from any angle and at any epoch. The radial density profile of dark
matter halos as predicted by simulations seems to be remarkably self-similar (down to the dwarf
galaxy scale, ~ 108Mg,), a prediction first made by Navarro et al. (1996), and has been come to be

known as the Navarro-Frenk-White (hereafter NFW) profile (Figure 1.2):

pNFw () = — 5 (1.1)
s

The scale density, ps, is typically expressed in terms of the critical density of the universe, and
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Figure 1.2: A cartoon depicting the Navarro-Frenk-White (NFW) density profile, for a select
few values of concentration. Larger values of concentration cause the density to rise more
rapidly, giving rise to a “cuspier” profile. The scale radius, rs, is shown for each value for
reference.
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the characteristic overdensity parameter, d.

Ps = Perdc (12)

Furthermore, the critical density of the universe is both an epoch and cosmology-dependent

quantity:
3H(z)?
o 1.
with the hubble parameter, H(z):
H(z) = Hoy /0 0(1+2)1 + Quno(1+2)° + Quco(1 +2)2 + (1.4)

where the Hubble constant today, Hg, measures the rate of expansion of the local universe, and is
equal to 100h km/s Mpc (the most up-to-date value is h = 0.678 & 0.09, Planck Collaboration et al.
2015). Cosmological density parameters, €x o, represent the fraction of the critical density of the
universe (as measured today), from each component we are considering.

The scale radius, rg, is defined as the radius within the halo at which the density scales as
p o172, The NFW profile asymptotically behaves as two independent power-law profiles (p oc r—1
in the inner region; p oc =2 in the outer), with an intermediate region connecting the two. This
intermediate region, defined by the scale radius, is an incredibly important property of the halo,

as it defines the relative compactness of the halo; we shall call this the concentration parameter.

Throughout, we define this quantity as follows:

Cx (1.5)

Is

The concentration parameter is an aperture-based quantity, meaning it has to be defined relative to
some outer radius, ry. In the following chapters, we will focus on one of two commonly used scales.
The first is the virial radius, ry;i,, which represents the outer-most radius within the cluster for which

its member galaxies follow the virial theorem. The second is rygg, which is the radius inside which
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the average density is 200 times the critical density of the universe (Eq. 1.3). The overdensity of

the cluster can also be conveniently defined in terms of the concentration parameter:

200 3
P (1.6)
3 In(1+c)— 15

Typical values of the overdensity for clusters varies from ~ 200 — 10000, for corresponding profiles
with concentrations of ¢ ~ 2 — 8.

Qualitatively, the concentration can be thought of as a re-scaled distance, indicating where the
steepness of the density profile occurs. Larger concentrations give rise to a steeper (“cuspier”) inner
density profile, and conversely, smaller concentrations produce a more well-defined central core,
indicating a shallower inner density profile.

Galaxy clusters are not spherical systems. Observations suggest that cluster halos exhibit triaxial
geometry (see Limousin et al. 2013a for a general discussion) in the optical distribution of light
(Carter & Metcalfe, 1980; Binggeli, 1982) in X-ray (Fabricant et al., 1985; Lau et al., 2012) and in
weak (Evans & Bridle, 2009; Oguri et al., 2010, 2012a) and strong lensing (Soucail et al., 1987).
Observational evidence for triaxiality is matched by theory in large scale N-body simulations of
structure formation, exhibiting a preference for prolateness over oblateness (Frenk et al., 1988a;
Dubinski & Carlberg, 1991a; Warren et al., 1992a; Cole & Lacey, 1996a; Jing & Suto, 2002a; Hopkins
et al., 2005; Bailin & Steinmetz, 2005; Kasun & Evrard, 2005a; Paz et al., 2006; Allgood et al., 2006a;

Bett et al., 2007a; Munoz-Cuartas et al., 2011; Gao et al., 2012; Despali et al., 2014).

1.2 Cluster Scaling Relations

The scaling relations between observable properties and the total mass of clusters are key to un-
derstanding the physical processes behind their formation and evolution (Vikhlinin et al., 2009a;
Giodini et al., 2013). They are yet another test of the ACDM cosmological model, providing a
means of comparison between theory and observations.

Important relations between observables like the line-of-sight velocity dispersion of galaxies,

oy, optical richness, A, bolometric X-ray luminosity, Lx, and the integrated SZ Compton signal,

CHAPTER 1: INTRODUCTION 1.2 CLUSTER SCALING RELATIONS



Ysz, to the total mass of a cluster have been well-studied observationally (Sereno & Ettori, 2015),
theoretically (Giodini et al., 2013), and through simulations (Stanek et al., 2010). These relations
also evolve with time, and thus also scale with redshift.

It was found early on that the concentration parameters of simulated clusters were highly cor-
related with their total mass (Navarro et al., 1996; Bullock et al., 2001b). Hereafter, we will call
this relation the concentration-Mass (c-M) relation (Figure 1.3). The standard explanation for this
anti-correlation between concentration and mass is that low-mass halos tend to collapse and form
relaxed structures earlier than their larger counterparts, which are still accreting massive structures
until much later. A consequence of early formation is that halos will have collapsed during a period
of higher density, leading to a larger central density (and hence larger concentration) as compared
to halos which formed later.

Many studies (most recently, e.g., Correa et al. 2015a) focus on quantifying the physical mo-
tivation behind this relationship, and suggest that the mass accretion history (MAH) of halos is
the key to understanding the connection between cluster observables and the environment in which
they formed (Bullock et al., 2001a; Wechsler et al., 2002; Zhao et al., 2003). These studies have
found that while the mass accretion rate onto the halo is slow, the concentration tends to scale with
the virial radius, ¢ o« ry;,; (caused by a constant scale radius). However, the concentration remains
relatively constant for epochs of high mass accretion. The MAH itself depends upon the physical
properties of the initial density peak (Dalal et al., 2008), which is a function of cosmology, redshift,
and mass (Diemer & Kravtsov, 2015).

With time however, as more cluster profiles became available, it became clear that cluster concen-
trations found for halos which form in ACDM simulations were significantly lower than ones observed
by approximately a factor of ~ 2 (Comerford & Natarajan, 2007a; Broadhurst et al., 2008a; Oguri
et al., 2009a), and has come to be known as “the over-concentration problem”. Bahé et al. (2012a)
have shown that when observed in near alignment with their major axes, weak lensing reconstructed
concentrations are systematically larger by up to a factor of 2 for Millennium Simulation cluster

halos. Similarly, Oguri & Blandford (2009a) find in their semi-analytic study that the most massive
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triaxial halos (~ 10®h~!Mg) produce the largest Einstein radii if viewed preferentially along their
major axes, thereby increasing their effectiveness as strong gravitational lenses. Through ray-tracing
of high-resolution N-body simulations, Hennawi et al. (2007a) have shown that strong lensing clusters

tend to have their principle axes aligned along the line of sight.

1.3 Clusters and The Large Scale Structure of the Universe

The standard concordance model of cosmology (ACDM) consists primarily of cosmological constant
and cold dark matter components, with Gaussian initial conditions (Planck Collaboration et al.,
2015). It predicts that the formation of structure is a hierarchical process (White & Frenk, 1991;
Kauffmann et al., 1993; Lacey & Cole, 1993a). Small initial perturbations are gravitationally am-
plified over time, as collections of mass continually merge to form larger ones. Ultimately, galaxy
clusters are the end result of this process and sit atop this hierarchy of mass (Figure 1.4).

Clusters are not isolated collections of galaxies. Living in the densest regions of the universe
outlined by large-scale environments such as filaments and voids (Figure 1.5), the distribution of
mass within clusters is strongly influenced by their surroundings. Clusters acquire most of their
mass from major mergers along the filaments, giving rise to an alignment between the major axis of
the halo and the large-scale filament (Bailin & Steinmetz, 2005; Altay et al., 2006; Patiri et al., 2006;
Aragén-Calvo et al., 2007; Brunino et al., 2007). After these merging events occur, halos undergo
violent relaxation, ultimately reaching a state of quasi-equilibrium, whereby halos are left with a

“universal” (triaxial) density profile.
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Figure 1.3: Top:
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One of the first works to model the cluster ¢-M scaling relation as found

by simulations (Bullock et al., 2001b). Scatter in concentration roughly follows a log-normal
distribution, with typical values of A(log cyiy) ~ 0.24. Thick blue curve represents the median
concentration, while thin dashed blue lines encompass 68% of the cy;,. Bottom: One of the most
recent studies to quantify this relation found in simulations (Correa et al., 2015a). Typical values
of the concentration are cyi, ~ 5 for halos with masses My;, ~ 104 Mg,
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Figure 1.4: A schematic of the hierarchical cluster formation process. Over time, smaller
structures merge into larger ones, ultimately leading to bound galaxy clusters (> 10'* M)
which have formed relatively recently.
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Figure 1.5: The formation of dark matter halos within the Bolshoi Simulation (Klypin et al.,
2011). Cluster halos embedded within the large-scale structure of the universe ( Top: 125 Mpc/h,
Bottom: 31.25Mpc/h) are shown in yellow.
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1.4 Outline

In the following chapters, we explore the internal distribution of mass of galaxy clusters in a number
of ways. In Chapter 2, we explore the relationship between the shape and orientation of isodensity
surfaces to the projected (2D) cluster concentration parameter, with a sample of clusters formed in
the MultiDark MDR1 simulation. In Chapter 3, we then observationally explore the scaling relation
between cluster concentration and mass, as determined by six mass reconstruction techniques (Weak,
strong, and weak+strong lensing, X-ray, the caustic method, and line-of-sight velocity dispersion), for
a comprehensive sample of clusters collected from the literature. Moreover, we compare contentiously
steep observed lensing relations to projected relations obtained from a number of large cosmological
simulations. We then attempt to shed some light on the relationship between the projected profile
parameters, like concentration and mass, with the angular distribution of the large-scale environment
surrounding clusters in Chapter 4. Finally, in Chapter 5, we summarize our findings and discuss

potential future work.
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Chapter 2: Shape Profiles and Orientation Bias for Weak and Strong
Lensing Cluster Halos

2.1 Introduction

Gravitational lensing has proven an incredibly useful tool in creating detailed maps of projected
density without requiring any assumptions regarding either a halo’s dynamical state or hydrostatic
equilibrium of its gas. Recently, strong and weak gravitational lensing methods have been used side
by side to constrain the distribution of mass on different scales within the same cluster lens (for
Abell 1689 for example, see Broadhurst et al., 2005a; Halkola et al., 2006a; Deb et al., 2012).

Furthermore, galaxy cluster halos are both predicted and observed to be prolate spheroidal in
shape (see section 1.3). However, clusters are often modeled using spherically symmetric distribu-
tions of mass, which seriously alter their utility as cosmological probes.

Additional complications arise in this picture of cluster halos in that halo axis ratios change as
a function of radius. Frenk et al. (1988a) and Cole & Lacey (1996a) found that simulation halos
become more spherical towards the center, whereas Dubinski & Carlberg (1991a), Warren et al.
(1992a), and Jing & Suto (2002a) have concluded the opposite. Nearly all are in agreement that
there is good alignment between isodensity (or isopotential) surfaces on most scales. More recent
work done by Hayashi et al. (2007a) show that axis ratios of both isopotential and isodensity surfaces
consistently increase with radius for seven galaxy-scale simulations.

Though lensing concentrations are systematically higher than their predicted values simply due
to orientation bias, there are other reasons to believe that clusters identified by their strong lensing
features are a biased population. For one, the most massive clusters are simply more effective grav-
itational lenses, preferentially sampling the highest region of the cluster mass hierarchy (Comerford
& Natarajan, 2007a).

Many studies have employed joint weak and strong lensing reconstruction techniques in order

to probe much larger regions of the radial density profile. However, weak and strong lensing can
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sometimes independently produce vastly different results, and are rather sensitive to the a priori
assumptions made regarding the distribution of mass within the cluster lens. Broadhurst et al.
(2005a) and Halkola et al. (2006a) both find weak lensing concentrations to be much larger than
ones produced by strong lensing of the well-known cluster Abell 1689, when a spherical model
is used. Weak + strong lensing analyses of Abell 1689 have generally been in agreement with
one another, however, concentrations remain inconsistent with what theory predicts (Clowe, 2003;
Halkola et al., 2006a; Limousin et al., 2007a). Only when a triaxial halo model is employed do
theory and observation come into agreement (Oguri et al. 2005a; for a complete overview of the
cluster Abell 1689, see §5 of Limousin et al. 2013a). The model assumptions and priors used in weak
and strong lensing methods can produce large uncertainty in reconstructed parameters. However,
physical features of the cluster halos, for example the combination of an orientation bias together
with an intrinsic trend in halo shape as a function of radius could perhaps also lay at the heart of
discrepancies of this nature, and work to diminish the accuracy of lensing techniques as stand-alone
tools as well as joint techniques.

Lastly, ongoing baryonic physics within galaxy clusters (specifically cooling, star formation, and
AGN feedback) has the potential to significantly alter the distribution of mass within clusters,
and is absent from many simulations of structure formation. Kazantzidis et al. (2004) show that the
addition of gas cooling to simulations of clusters has the potential to significantly increase axial ratios
in the inner-most regions when compared to corresponding clusters formed in adiabatic simulations.

The lensing cross-section also depends sensitively on the addition of baryons to cluster simula-
tions, and can be boosted by a factor of a few (Puchwein et al., 2005a; Wambsganss et al., 2008a;
Rozo et al., 2008a). Studies which do not include AGN feedback suffer from over-cooling, and the
addition of this component reduces the enhancement of the lensing cross-section to at most a factor
of two (Mead et al., 2010a). Killedar et al. (2012) find Einstein radii of clusters to be larger only by
5% when AGN feedback is included for z; = 2 (increasing to 10 — 20% for lower source redshifts).

In this chapter we present a study of the shape and alignment of isodensity surfaces from simu-

lated cluster halos of the MDR1 cosmological simulation (Prada et al., 2012a) throughout a range

CHAPTER 2: CLUSTER SHAPE AND ORIENTATION 2.1 INTRODUCTION
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of radial scales. Differences between the concentration parameter on weak and strong lensing scales
will be quantified by the analytical projection of NF'W halos, for the specific case that their major
axes point along our line of sight. This chapter is organized as follows. In section §2.2, we discuss
the extension of the spherical NFW model and present prolate spheroidal simplifications of halo
properties upon projection of the 3D NFW profile along the line of sight. In §2.3 we define our
samples and methods we will use to analyze halo intrinsic properties. In §2.4 we present our findings
on weak and strong lensing scales within clusters, and discuss our results in §2.5. And lastly, in §2.6

we add a general discussion of future work.

2.2 Projections of Triaxial NFW Halos

The Navarro-Frenk-White density profile (Navarro et al., 1996) has been shown accurately describe
the density profiles of simulation halos over many decades of mass. Throughout this chapter, we will

focus on the NFW profile, parameterized by the following definition of the concentration parameter:

€200 = T200/Ts- (2.1)

The characteristic overdensity of the cluster is also defined in terms of this particular definition of
the concentration (by direct substitution of Eq. 2.1 into Eq. 1.6).
Following that, the mass can now be defined in terms of rogg and the cosmology-dependent critical

density of the universe at the redshift of the halo.
4 3
M200 (Z) = g’/TI‘QOO . QOOpcr(Z) (22)

Simulations show that halos deviate from spherical symmetry by a considerable amount, with a
preference for prolate over oblate spheroids. Doroshkevich (1970) has made the case that triaxial
collapse is a necessary outcome of structure formation models which are seeded by Gaussian random

initial conditions. The spherical NFW profile can be extended to accommodate triaxial halos by
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Table 2.1: Prolate Spheroidal Geometry

Projected Quantity Prolate Spheroidal Expression
q
Q \/sin2 6+4q2 cos?
R, %rs

Sc 25,

Shown here are the analytical expressions for projected quantities expressed in terms of intrinsic
quantities and halo orientation used throughout this study. As a general rule, projected quantities
will be capitalized while intrinsic quantities will not be.

redefining the radial coordinate as an ellipsoidal coordinate:

X2 y2 Z2

2 _
CeEtetae (23)

where a, b, c are the semi-major, -intermediate, and -minor axes of the ellipsoidal shell under consid-
eration. Each set of semi-axes is unique to a specific radial value within each halo by the relationship
abc =13,

The projection of an arbitrary triaxial halo onto a 2-dimensional plane is a unique process.
However, the reverse process is degenerate. To understand the limits of projection biases due to
orientation, we simplify the generalized projection of triaxial halos found in Sereno et al. (2010a)
assuming a prolate spheroidal geometry. The following observed (projected) parameters can be

expressed in terms of the angle 6 between the line-of-sight and the major axis of a prolate spheroid,

as well as a single axial ratio intrinsic to the cluster (Table 2.1; see then Figure 2.1).

2.3 Sample and Methods

2.3.1 Simulation Sample

We aim to quantify the effect which line-of-sight alignment of triaxial cluster halos has upon projected
concentrations on both weak and strong lensing scales in the presence of slowly evolving isodensity
shapes. We study clusters from the MDR1 cosmological simulation (Prada et al., 2012a) of the
MultiDark Project!. MDRI is a dark matter only simulation which uses 20483 particles in a box

1 h='Gpc on a side. The mass of simulation particles is 8.721 x 10° h™*M, with a resolution

Thttp://www.multidark.org/MultiDark/
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Figure 2.1: Top Panel: The ratio of projected concentration, Cop, to the intrinsic concentra-
tion, ¢, as a function of prolateness, q (these curves assume line-of-sight alignment of the major
axis). Bottom Panel: The projected axis ratio, Q, as a function of the degree of line-of-sight
alignment, 6, for prolate spheroidal halos.
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Figure 2.2: The MDRI1 mass function (dashed black) using the FOF algorithm. The gray
shaded region shows the cluster halo regime. Overplotted are the low (blue), medium (green),
and high (red) mass samples extracted from the database.

of 7 h™'kpc. The simulation uses results from WMAP5 as its cosmology and was run with the
Adaptive-Refinement Tree (ART) code (Kravtsov et al., 1997a).

The MDRI1 simulation database (Riebe et al., 2013) contains halo catalogs which are found using
two different halo finding algorithms (“Bound Density Maximum” BDM, and “Friends-of-Friends”
FOF) taken at 85 redshift snapshots. The masses of halos found through these two methods range
from 1.7 x 101 h=!Mg - 1.6 x 10°h~*Mg. We impose a lower cutoff in halo mass of 1 x 1013h=1Mg,
to mark the beginning of the cluster halo regime which are considered for this study. Figure 2.2

shows the mass function of the sample at redshift z = 0.
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In our study, three halo samples were extracted from the MDR1 FOF table (relative linking
length of 0.17) of the MultiDark Database for further study. Smaller linking lengths (e.g. halo
substructures) are available, however these were purposefully left out since it is beyond the scope of

this study.
e Low Mass: 2.5 — 2.6 x 1013h=1M, [6007 halos]
e Medium Mass: 1.0 — 1.1 x 10*h=*Mg, [2905 halos]
e High Mass: > 1.0 x 101°h='Mg [121 halos]

It should be noted here that our results are derived using one particular agglomerative, single-
linkage clustering algorithm (FOF). Studies have been conducted which compare various halo-finding
algorithms for simulation data (see Knebe et al. (2011) for a general review of such algorithms and
how they perform in identifying structures from simulations). Despali et al. (2013) have shown that
halo shape can depend upon the choice of method used to identify halos from the overall simulation

volume.

2.3.2 Methods

Following, for example, Warren et al. (1992a) and Shaw et al. (2006), we compute the moment of

inertia tensor, from which we obtain the average shape of the halo at a given radius:
n=N
Lj = Y mp(rin — 1) (150 — 1}) (24)
n=1

where 1 , is the coordinate of the n'h particle in the i*" direction (where i,j € x,y,z), and my,, is the
mass of the simulation particle. Finding the eigenvalues and eigenvectors of I can uniquely determine
the orientation and axis ratios.

This method of determining shape has its drawbacks. Shaw et al. (2006), Jing & Suto (2002b),
and Bailin & Steinmetz (2004) have all found that this approach often fails to converge in high
resolution simulations with substantial substructure. Additionally, substructures of fixed mass will

affect the components of the moment of inertia tensor on larger scales than it will on small scales. In
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order to correct for this potential bias, we apply a Gaussian weighting function, wg(¢), (to Equation
2.6) which matches both the shape and orientation of each bounding ellipsoid within the iterative
process.

We find good convergence with this method for MDR1 halos. For our purposes, calculating
the shape of each halo using the inertia tensor, with the addition of a triaxial, Gaussian weighting

function, will be more than adequate to describe the macrostructure of the parent halo.

2.3.3 Non-Virialized Halos

Mergers are common physical processes in the formation of galaxy clusters (Press & Schechter,
1974; Bond et al., 1991; Lacey & Cole, 1993b). Special care is taken to separate out halos which
are better fit by more than one halo for each mass sample, since parameters like concentration
and scale radius are only properly defined for a single halo profile (Figure 2.3). The Mean Shift
clustering algorithm (Fukunaga & Hostetler, 1975) is used on low and medium mass clusters, while
the K-Means (Hartigan & Wong, 1979) clustering algorithm is used for high mass halos.

The Mean Shift algorithm is a non-parametric algorithm which requires no initial guess for
the number of clusters, making it ideal for handling clusters of arbitrary shape or number. It
locates local density maxima and uses a tuning parameter to associate each particle’s membership
to a corresponding maximum. Conversely, the K-Means algorithm necessarily requires k-clusters to
group particles into. K-Means scales as O(knT') (where k is the number of clusters, n is the number
of points, and T is the number of iterations) and therefore was chosen for the high mass sample of
121 halos.

Additionally, to prevent contamination of each sample by unrelaxed or actively merging structures
which may still be well-fit by a single model, halos are checked for virialization using the following

(Shaw et al., 2006):
2T, — E,

B Wo

+1 (2.5)

where Ty is the total kinetic energy, Wy is the total potential energy, and Eg comes from the pressure

of the outer perimeter of the halo, an important contribution which comes from the fact that cluster
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Figure 2.3: Upper Row: Examples of actively merging system of halos, which are excluded
from our study. Mean-shift (left) and K-means (right) algorithms are applied to each halo
(depending on mass) in order to determine if a single parent halo is present. Bottom: A
dynamically relaxed, single-model dark matter halo.
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halos are not isolated systems. This term is calculated by assuming an ideal gas of particles, where
one can approximate surface pressure as being:
15 myv2
p, — L2imivi (2.6)
3 VvV

where the summation is carried out over particles which lay in the outermost 20% of the halo

(> Ro.g). The volume occupied, is then:

_ 47R3 - 47R3 4

vir

3 3

v (2.7)

where Ry;; is the outermost radius, and Rg g is the median of the outermost particles. Therefore the
energy Eg can be approximated by:

E, ~ 47R} 4P, (2.8)

A cut is made at 8 > —0.2 in order to remove halos which have sufficient surface pressure at
their virial radii, indicating that they are currently in a state of collapse (Shaw et al., 2006). Figure
2.4 displays the distributions of 8 for each mass sample.

All analysis results for each cluster halo within this study have been stored in a downloadable

database?.

2.4 Results

Based upon the above criteria, that a halo must be both virialized and best fit by a single component
halo model, we find that 55.3%, 42.0%, and 17.4% of halos in the low, medium, and high mass samples
make it through our selection criteria. This tendency of finding higher mass halos in an un-relaxed
state is a natural prediction of hierarchical structure formation models, since the largest halos are
the last structures to form and must undergo major merging events. Additionally, nearly all of these
cluster halos can be described as being prolate ellipsoids, becoming marginally more spherical with

increasing distance from the cluster center (See Figure 2.5-2.7; See Table 2.2 for a summary of these

2http://www.physics.drexel.edu/~groenera/zodb_file.fs
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Figure 2.4: The distributions of virial 8 parameters, for the low, medium, and high mass

samples.
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Table 2.2: Cluster Halo Geometry

Radial Scale Low Medium High
0.5 - 200 pEop 0.67+0.15 0.62+£0.14 0.56+0.13
q*oy, 0.53+£0.12 0.49£0.11 0.42+0.06
7200 pEop 0.71+0.13 0.66£0.13 0.54+0.15
qg*o, 0.57+0.11 0.52+£0.10 0.4240.08
2 - g0 pEop 0.69+0.12 0.67+£0.12 0.54+0.12

qgxo, 0.55+0.10 0.53£0.10 0.43+0.08

Reported here are the sample mean (standard deviation) values of the semi-intermediate to
semi-major axis ratio p, and semi-minor to semi-major axis ratio ¢ for each mass sample
(virialized, non-mergers) at various physical scales of interest.

shape results).

Intrinsic NFW concentrations are shown in Figure 2.8 and are consistent with those produced in
previous simulations as well as previous studies of the MultiDark simulation (Prada et al., 2012a).
As expected, halo concentrations decrease with increasing halo mass. This concentration-mass rela-

tionship is generally fit with a power-law model which takes the form:

Co I”1200 “
= 2.9
C200 (1 Z)ﬁ ( M* ) ( )

where for our sample z = 0, and we use M, = 10'*h~!My (Figure 2.9). We first compute 7209
from the cumulative density profile of each halo, and thus establishing Mygg. Next, by fitting NFW
profiles to these density profiles we obtain concentration parameters. For MDR1 cluster halos, we

find a concentration-mass relation of

M —0.0564+0.007
200 ) (2.10)

Cago = (4.775 + 0.022) <

From the intrinsic distributions of shape and concentration found for each sample population,
we find that solely due to line-of-sight orientation (that is, perfectly aligned with the major axis),
analytically projected concentrations tend to be systematically higher by about 20% — 50% for
virialized, single model halos. Halos with intrinsically low concentrations have been found to suffer

from a larger orientation bias ~ 50%, whereas higher intrinsic concentrations tend to produce an
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Figure 2.5: The distribution of isodensity shapes for the low mass halo sample at a radial
scale of ~ 0.57599. The green and blue shaded regions are the 1- and 2-0 gaussian error ellipses,
and red indicates the sample mean.
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Figure 2.6: Same as Figure 2.5, but for the medium mass halo sample.
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Figure 2.8: The distributions of intrinsic concentrations for all single virialized halos of each
mass sample. From top to bottom: 1) Low Mass, 2) Medium Mass, and 3) High Mass.

over-concentration of ~ 20%, albeit with much lower scatter. Additionally, this trend tends to
flatten out with increasing distance from the cluster center. This implies that, for a fixed halo
concentration, inner regions of halos (those probed on or near strong lensing scales) will bias higher
than outer regions of halos (those probed on weak lensing scales) if viewed along the major axis.
This information is most saliently captured for relaxed, low mass halos (Figure 2.10; See also Figure
2.11 for medium mass halos, and Table 2.3 for a complete summary).

The underlying cause for this mismatch in over-concentration between halos with low and high
intrinsic concentrations is due to the magnitude of the change in shape as a function of radius.
Low concentration halos are shown to significantly change their shape between 0.5 - rogp and raqg,
increasing in p and q, 81% and 80% of the time with median differences of Ap = 0.14 and Aq = 0.11
(Figure 2.12). Halos with high intrinsic concentrations increase in p and q ~ 65% of the time,
however, the median value of the difference in axial ratio drops to ~ 0.03.

On the extreme end, we have shown that although a systematic bias exists, certain low concen-

tration halos (copo ~ 1 — 3) with extreme axis ratios can produce upwards of a factor of two higher
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in projected concentration on a case-by-case basis. This can be seen most notably in the low and
medium mass samples at r ~ 0.5 - raqq.

Additionally, we also find that concentric ellipsoidal shells are well described as being coaxial with
one another, that is to say there is insignificant amounts of twisting of isodensity surfaces for each
mass population. Alignment becomes even better with increasing radius, where the misalignment
is a maximum at the innermost radial value (Figures 2.13-2.15). It should be noted, however, that
alignment results are expected to be biased low due to correlation between each ellipsoidal surface
and ones interior to it. Though the aggregate shows relatively good alignment, it is again possible for
individual cluster halos to produce significant (< 30°) offsets between projected isodensities located
at strong and weak lensing scales. This fact alone complicates things; however, in the limit of large
numbers of cluster halos, this effect should be minimal in biasing reconstructed concentrations for

the population as a whole.

2.5 Summary and Conclusions

We have shown that relaxed MultiDark MDR1 simulation (FOF) cluster halos, which are well
described by a single NF'W density profile, are primarily prolate spheroidal in geometry and become
increasingly more spherical with increasing radius from the cluster center of mass. Using shape on
weak and strong lensing scales as well as derived concentrations, we analytically project these halos
along the line of sight. In doing so, we find that low mass clusters are typically over-concentrated by
about 56% and 20% at half ragg for concentrations between 1-3 and 7-10, respectively. At ragg this
enhancement drops to 38% and 19%. What this tells us is that the average projected concentration
differs by about 18% for halos with intrinsically low concentrations simply due to differences in halo
geometry as a function of radius. Clusters which do not meet this criteria show the opposite trend
in shape, becoming more prolate with increasing radius.

Strong lensing clusters are usually identified by their hard to miss tangential or radial arcs, and
are expected to represent a biased population simply because large mass and alignment along the
line of sight are key ingredients in producing large Einstein radii. If these lensing clusters are in fact

preferentially aligned along the line of sight (and are relaxed), we would expect that all else being
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Figure 2.9: Shown here is the intrinsic concentration-mass relationship for the MDR1 cos-
mological simulation run. Orange stars represent values of concentration from the analytical
expression found in Prada et al. (2012a) at redshift z = 0 for values of halo mass corresponding
to the sample used in this study.
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Table 2.3: Concentration Enhancements

Radial Scale Low Mass Medium Mass
C200 Acyo TOA €200 Acyyy £0n
0.5 - 200 [1-3] 1.56+0.29 [1-—3] 1.52 £0.25
[f—10] 1.20+£0.07 [6—9] 1.26 +£0.09
7200 [1—-3] 1.38+0.16 [1-—3] 1.43+0.15
[f—10] 1.19+0.09 [6—9] 1.24 +£0.09
1.5 109 [1-3] 1.30+0.12 [1-3] 1.34 £0.11
[7—10] 1.174+0.07 [6—9] 1.22 +£0.09
2 200 1—3] 1284011 [L—3 1.31£0.10

[6 — 9]

[7—10] 1.18+£0.07 1.23 +£0.09

Average Concentration Enhancement (Ac,,, = Cao/c200) on Weak and Strong Lensing Scales for
Low and Medium Mass Samples.

equal weak lensing reconstructions should under-estimate the concentration for a population of such
objects.

Projection effects aside, additional complications arise in measuring halo concentration using
strong and weak lensing. For example, halo substructure can play a significant role in altering the
shape of the lens as seen by strong lensing (Meneghetti et al., 2007), along with massive objects
unassociated with the halo which lay along the line of sight (Puchwein & Hilbert, 2009). Redlich et al.
(2012) also find that cluster mergers bias high the distribution of Einstein Radii, highlighting another
source of potential bias. The weak lensing signal can be diminished by things like atmospheric PSF,
correlations in the orientation of background galaxies due to large scale structure, among the usual
sources of uncertainty in measuring galaxy shapes (for a review of galaxy shape measurement and
correlation of galaxy shapes, see Hoekstra & Jain 2008; for a discussion of cluster triaxiality and
projections of large scale structure see Becker & Kravtsov 2011). Lastly, Giocoli et al. (2014) conclude
through simulations that the use of a generalized NFW model reduces mass and concentration
reconstruction biases for clusters containing a BCG and adiabatic contraction of the dark matter.
They also find that halo parameters differ between WL and WL+SL reconstruction methods, and
that strong lensing selected clusters can have concentrations 20-30% in excess of the expected average

at fixed mass.
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Figure 2.10: Shown here are concentration enhancements against intrinsic halo concentrations
for line-of-sight oriented halos for the low mass, single-model, relaxed halo population. In the top
(bottom) panel, we show the population at ~ 0.5 - 1399 (~ 1-1200). Overplotted are the mean
and standard deviation of low (1 < cg0 < 3) and high (7 < cago < 10) concentration halos for
comparison. We find two novel trends: 1) the concentration enhancement is a function of the
radial scale within the halo, where inner regions are found to be significantly higher than outer
regions; this feature is most noticeable for halos with intrinsically low concentrations, and 2) the
concentration enhancement is a function of the intrinsic halo concentration (albeit with some
scatter).
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Figure 2.11: The concentration enhancements against intrinsic halo concentrations for line-
of-sight oriented halos the the medium mass, single-model, relaxed halo population.
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Figure 2.12: Halos with intrinsically low concentrations exhibit a much larger change in shape
as a function of radius. Upper left and middle: Normalized distributions of axial ratios p and q
for low-mass, low-concentration (1-3) halos at half ragp (blue) and rogg (green). Bottom left and
middle: The distributions of axial ratios p and q for low-mass, high-concentration (7-10) halos
at half rogg and ragg. Upper right, (Lower right): Distributions of the differences in axial ratios
p (purple) and ¢ (orange) for low-concentration (high-concentration) low-mass cluster halos.
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Figure 2.13: A ‘violin plot’ for the low mass sample, showing the distribution of angles between
the major axis of an isodensity at radial coordinate r;, and one at r; + Ar. Green shaded regions
represent the distributions of angles, and overplotted is a box plot showing the location of the
quartiles (25%, 50%, and 75%).
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Figure 2.14: A ‘violin plot’ for the medium mass sample.
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Figure 2.15: A ‘violin plot’ for the high mass sample.
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2.6 Future Work

An explicit prediction has been made regarding the discrepancy between projected halo concentra-
tions of cluster halos on characteristic lensing scales. A natural next step would be to simulate the
signal produced from gravitational lensing by conducting mock weak and strong lensing analyses.
However, one would realistically need to include the effects of baryons. Additionally, we plan to
summarize the current state of the field of galaxy cluster mass reconstructions in each of the meth-
ods used. In future work, we will aggregate all measured NFW mass/concentration pairs from these
methods in order to shed light on potential systematic observational biases, particularly on strong
and weak lensing scales.

It has yet to be determined if this effect manifests itself in a measurable way for the cluster
halo population. Follow-up observations of strong lensing clusters could be proposed as a way of
testing the veracity of this prediction. Knowing the intrinsic distribution of cluster concentrations is
difficult if not impossible due to the degenerate nature of the reverse-projection process. However, the
shape of the distribution of measured concentrations due to lensing could possibly contain hallmark
characteristics which could indicate the level of line of sight biasing of the population. With this

information known, ultimately a correction procedure could then be proposed.

CHAPTER 2: CLUSTER SHAPE AND ORIENTATION 2.6 FUTURE WORK
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Chapter 3: The Galaxy Cluster Concentration-Mass Scaling Relation

3.1 Introduction

Galaxy clusters have long been used as probes of cosmology. Cluster observables, like X-ray lumi-
nosity, Lx, optical richness, and line-of-sight galaxy dispersion, oy, are closely tied to the formation
and evolution of large scale structures, and scale with redshift and the mass of the host halo (Sereno
& Ettori, 2015). Scaling relations of clusters also provide a way of testing cosmology (Vikhlinin
et al., 2009b; Rozo et al., 2010; Mantz et al., 2010, 2014), though are imperfect proxies for mass, due
to the 2-Dimensional view they provide for us. Large cosmological simulations provide a detailed
3-dimensional view of the hierarchical process of structure formation, one that is unattainable by
even the most accurate reconstruction techniques available.

The radial density profiles of clusters, well-modeled by the universal NFW profile (Navarro et al.
1997; Eq. 1.1), appears to be a prevailing outcome of simulations regardless of cosmology (Navarro
et al., 1997; Craig, 1997; Kravtsov et al., 1997b; Bullock et al., 2001a). However, the details of the
relationship between the two model parameters, halo mass, M, and concentration, c, is sensitive to
small changes in initial parameters (Maccio et al., 2008; Correa et al., 2015b).

Tensions exist between cluster concentrations derived from simulations and observational mea-
surements (see section 1.3), have been found to differ the most for gravitational lensing techniques
(Comerford & Natarajan, 2007b; Broadhurst et al., 2008b; Oguri et al., 2009b; Umetsu et al., 2011a).
This over-concentration of clusters (in favor of observational measurements) can be partially ex-
plained by the orientation of triaxial structure along our line-of-sight (Oguri et al., 2005b; Sereno
& Umetsu, 2011), which has the effect of enhancing the lensing properties (Hennawi et al., 2007b).
Neglecting halo triaxiality (Corless et al., 2009) and substructure (Meneghetti et al., 2010; Giocoli
et al., 2012) also each have significant effects on halo parameters. For its effect on WL and X-ray
mass estimates, see Sereno & Ettori (2014).

Discrepancies in how measurements of the intrinsic concentration are made using simulations also
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exist, along with studies who disagree on the inner slope of the density profile (Moore et al., 1999;
Ghigna et al., 2000; Navarro et al., 2004). However, the most puzzling and potentially interesting
disparity between simulations is the existence of the upturn feature in the c-M relation (see for
example, Fig. 12 of Prada et al. 2012b) at high redshift (Prada et al., 2012b; Dutton & Maccio,
2014; Klypin et al., 2014; Diemer & Kravtsov, 2015), which some argue is an artifact caused by the
selection of halos which are dynamically unrelaxed (Ludlow et al., 2012). This novel feature only
shows up when the concentration is expressed as a profile-independent halo property (in terms of the
ratio of the maximum circular velocity and the virial velocity, Viax/Vvir). In terms of the classical
definition of concentration, this feature disappears (see Meneghetti & Rasia 2013).

The connection between the observed concentration, cop, and the intrinsic concentration, c3p,
is further complicated, since it has been shown that relaxed cluster isodensities are not constant on
all scales (Frenk et al., 1988b; Cole & Lacey, 1996b; Dubinski & Carlberg, 1991b; Warren et al.,
1992b; Jing & Suto, 2002¢; Hayashi et al., 2007b; Groener & Goldberg, 2014). Indeed, in a previous
study by Groener & Goldberg (2014) (Chapter 2), it has been shown that a halo’s concentration is
an ill-defined 2-dimensional quantity, without first specifying the scale on which the measurement
was made. Using the MultiDark MDR1 Cosmological Simulation, Groener & Goldberg (2014) found
a systematic shift of about ~ 18% in the mean value of the projected concentration, cop, between
weak and strong lensing scales, for low-mass cluster halos (2.5 — 2.6 x 10%h='M) observed with
their major axes aligned with the line-of-sight direction. Though this difference is notably smaller
than the intrinsic scatter of the concentration parameter (csp) for a given halo mass, the origin
of this systematic effect is solely due to the changing shape of cluster isodensities as a function of
radius.

For many objects, not only do observed concentrations seem to differ substantially from those
obtained in cosmological simulations, but concentrations can also vary depending on which method
is used. Since different reconstruction methods probe varying scales within the halo, it is not
unreasonable to suspect that there exist systematic differences in the observed c-M relation caused

by shape.

CHAPTER 3: THE OBSERVED C-M RELATION 3.1 INTRODUCTION
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In this chapter, we focus on three main objectives.

1. We present the current state of the observational concentration-mass relation for galaxy clusters
by aggregating all known measurements from the literature. The raw data are reported in Table
A-1, and have been made publicly available (see Appendix A). We also provide an additional
table (available only online), where data have been normalized over differences in assumed

cosmology, overdensity convention, and uncertainty type found in the original studies.

2. We model the observed concentration-mass relation for each method, and compare these to one
another, highlighting potential differences which exist, caused by the projection of structure
along the line-of-sight, the varying shape of cluster isodensities, and the selection of clusters

from the cosmic population.

3. Using the largest cluster sample to date, we determine if the observed ¢-M relation is consistent
with theory, when taking halo triaxiality and elongation of structure along the line-of-sight into

account.

In section 3.2, we summarize many of the most common mass reconstruction techniques which are
used throughout the cluster community, and include a discussion regarding physical scales probed
within the cluster using these methods. In section 3.3, we discuss the procedure for collecting
our sample from the literature, and normalizing over convention, cosmology, and uncertainties. In
section 3.4, we present results for the observed c-M relation for each method, and in section 3.5, we
discuss the projection of triaxial halos from simulations to the observed lensing relations. Lastly, in
section 3.6, we conclude and discuss our findings.

Throughout this chapter we adopt a flat ACDM cosmology, €2, = 0.3, Q5 = 0.7, and Hy = 70
km s~ 'Mpc~!. Generally speaking, we reserve the following colors within plots to represent the

various methods:
e Caustic Method (CM): blue

e Line-of-sight velocity dispersion (LOSVD): orange

CHAPTER 3: THE OBSERVED C-M RELATION 3.1 INTRODUCTION
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e X-ray: green

Weak Lensing (WL): purple

Strong Lensing (SL): red

Weak + Strong Lensing (WL-+SL): black

Unless otherwise stated, throughout the study, uncertainties are reported as 1-o (68.3%) Gaussian

uncertainties.

3.2 Cluster Mass Reconstruction Techniques

In this section, we present a brief overview of common mass reconstruction techniques and modeling

of the cluster density profile.

3.2.1 Weak Lensing (WL)

Weak gravitational lensing is the process by which images of background galaxies are distorted by
massive foreground objects. Though these distortions cannot be detected for any given source,
it is possible to obtain a signal by locally averaging the shapes (ellipticities) of galaxies. This
shear measurement within a given bin can be used as a direct proxy for the lens density profile at
intermediate to large radii.

For a symmetric distribution, the azimuthally averaged tangential shear, (), as a function of

radius from the cluster center can then be calculated, and relates to the convergence, x:

(1)) = ————— = K(< 1) - k() (3.1)

where the critical surface mass density is defined in terms of cosmology-dependent angular diameter

distances Dy (source), Dgs (lens to source), and Dy (lens):

c2Dg
Yo = ———— 3.2
47TGDdSDd ( )
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Expressions, specifically for the NFW profile, for the convergence (Bartelmann, 1996) and the tan-
gential shear (Oaxaca Wright & Brainerd, 1999) have been derived, and can be used for model
fitting.

Weak lensing comes with its own intrinsic biases in that more massive clusters produce larger
distortions of background galaxies. As a result, in a survey of detected clusters, the expectation
is that nearly all of the most massive clusters would be selected from the population. However, in
the low mass region, clusters which are highly triaxial and elongated along the line-of-sight (i.e. -
larger 2D concentrations) are more likely to pass the observational signal-to-noise threshold than
ones which are not. The net effect here is an artificial steepening of the c-M relation due to selection.
Furthermore, lensing geometry plays an additional role in how clusters are selected. Clusters which
are too distant lack the requisite number density of background galaxies to obtain high signal-to-
noise (Bartelmann & Schneider, 2001). Table 3.1 presents the range in redshift for weak lensing
clusters, where most measurements are found to lie in the redshift range of z = 0.2 — 0.6, with

Mvir 2 1 x 1014M®.

3.2.2 Strong Lensing (SL)

A natural extreme of the phenomenon of gravitational lensing can occur if a background galaxy is
serendipitously aligned with the core of a cluster. In such cases, the projected surface mass density
is so high that multiple images of the object are produced, commonly distorting them so much that
they appear arc-like.

A density profile can be obtained by fitting a model to the observed image positions, orientations,
and fluxes, though this technique constrains the cluster profile on small scales (approximately the
Einstein radius, 0g', which is typically ~ 5% of the virial radius, ry;;, or ~ 50% of the scale radius,
rg (Oguri & Blandford, 2009b)).

Due to the irregular occurrence of multiple images and arcs, cluster measurements made with

strong lensing are particularly prone to selection effects, and likely represent a biased sampling

4GM Dig
c2 Dy Dg
for an NFW profile, typical values for clusters lie in the range: 10”-45" (Kneib et al., 2003; Broadhurst et al., 2005c).

/2
1The Einstein radius for a point mass is g = ( . Though there is no corresponding functional form

CHAPTER 3: THE OBSERVED C-M RELATION 3.2 RECONSTRUCTION TECHNIQUES



43

of the cosmic population. In fact, the efficiency of lensing is increased with increasing mass and
concentration, and a preferential line-of-sight alignment of the triaxial halo (Oguri & Blandford,
2009b). Concentrations derived from this method have been contentiously high as compared to

X-ray studies (Comerford & Natarajan, 2007b).

3.2.3 Weak+Strong Lensing (WL+SL)

Combining weak and strong gravitational methods constrains the density profile over a wide range
of scales, and also has the ability to break the mass-sheet degeneracy (Schneider & Seitz, 1995).
Recent efforts to combine these methods have become more prevalent in the literature (Merten et al.
(2014) - CLASH; Oguri et al. (2012b) - SGAS), and work to reconstruct the lensing potential by

minimizing a combined least-squares approach.

3.2.4 X-ray

Massive clusters are significant sources of X-ray radiation, due to the hot diffuse plasma (kg T, ~ 10keV)
emitting via thermal bremsstrahlung, and can be used to determine the total distribution of mass.
Under assumptions of spherical symmetry and hydrostatic equilibrium with the underlying potential
(Evrard et al., 1996), temperature and gas density information, pg, are used to determine the total
mass of the cluster, typically at intermediate scales (~ r500, corresponding to the radius at which

the average density inside is 500 times pe;).

kT dl dlogT

M(r) = (r) r 08 pg(r) og T(r) (3.4)
Gump dlogr dlogr

These assumptions are often violated due to non-thermal pressure sources, temperature inho-

mogeneity, and to the presence of substructures further out (Rasia et al., 2012), and bias low mass

estimates by 25-35%.
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3.2.5 Line-of-sight Velocity Dispersion (LOSVD)

The distribution of mass within clusters can also be obtained by using the kinematics of cluster
galaxies, specifically, by using the moments of the velocity distribution. Reconstruction methods,
developed by Lokas (2002) and Lokas & Mamon (2003), use the second (dispersion) and fourth
(kurtosis) moments of the velocity distribution, which relies on the underlying gravitational potential.
Assuming the distribution of mass follows an NFW profile, free parameters, which include My;, and
Cvir, can be fit to the observed data.

The business of identifying clusters as mass over-densities, determining cluster membership,
removal of interlopers, and reconstruction details vary from technique to technique. For a more
complete review of the reconstruction methods and their impact on cluster observables, see Old

et al. (2014).

3.2.6 The Caustic Method (CM)

With the exception of weak lensing, the caustic method is the only other standalone method which
has been successful in probing the density profile at large distances from the cluster center (2 ryiy).
Cluster galaxies, when plotted in line-of-sight velocity versus projected cluster-centric distance phase-
space, create a characteristic “trumpet shape”, the boundaries of which form what is referred to as
caustics (Kaiser, 1987; Regos & Geller, 1989). The existence of these caustics mark an important
boundary which envelops a volume of space in which galaxies are gravitationally bound to the cluster.
Outside of this turnaround radius, galaxies are ultimately carried away in the Hubble flow.

The width of the caustic (velocity) at any given projected radius, A(R), can then be related
to the escape velocity due to the gravitational potential of the cluster, under the assumption of
spherical symmetry (Diaferio & Geller, 1997). Through simulations of structure formation, Diaferio

(1999) has shown that the caustic amplitude can be related to the mass interior to radius r by:
1/
GM(<r) = 3 A“(R) dR. (3.5)
0

The success of the caustic method is independent of any assumptions regarding dynamical equi-
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librium of the cluster, and has been used to reconstruct profiles over a larger range of scales: from
the inner regions to a few times the virial radius (CATRNS: Rines et al. 2003; CIRS: Rines & Diaferio
2006; HeCS: Rines et al. 2013). However, this technique requires the measurements of at least 30-50
cluster members, and thus limits this method to clusters at relatively low redshifts compared to
lensing and X-ray techniques. More recently, Rines et al. (2013) make use of this technique using

~ 200 cluster members.

3.2.7 Hybrid Techniques

The aforementioned methods represent the most commonly applied techniques for constructing a
density profile, however, they do not represent them all. Novel combinations of methods have also
been used, but could not be included in a study of this kind. For instance, Lemze et al. (2008)
combine joint lensing and X-ray methods to make a determination of Abell 1689. Thanjavur et al.
(2010) and Verdugo et al. (2011) use a combination of lensing and dynamics. Additionally, In an
attempt to only compare methods used in Comerford & Natarajan (2007b), we consciously leave
out measurements made with the Sunyaev-Zel’dovich (SZ) effect, or which use combinations of
techniques one of which uses SZ.

Previous studies have even employed these multi-technique reconstructions to clusters in an
attempt to break the line-of-sight mass degeneracy (for a review of these techniques, see section 2 of
Limousin et al. (2013b); see also Ameglio et al. (2007), Sereno et al. (2012)). However, it is unclear if
techniques such as this can adapt to arbitrarily complicated profiles, where shape is scale-dependent,

or where isodensities are not co-axial with one another (isodensity twisting).

3.3 The Sample

The sample of clusters collected from the literature consists of a total of 781 cluster measurements,
reported by 81 studies (Table A-2), representing the largest known collection of cluster concentration
measurements to date. Of these, there are 361 unique clusters, giving us a sizable sampling of the
cluster population as a whole, in addition to multiple measurements of individual clusters (often

coming from more than one category of reconstruction technique).

CHAPTER 3: THE OBSERVED C-M RELATION 3.3 THE SAMPLE
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This study builds off of work done by Comerford & Natarajan (2007b), which aggregated 182
cluster measurements of 100 unique cluster objects. In accordance with that study, we also report
measurements of concentration (and mass) in the most popular conventions, cagg, and ¢y

Table 3.1 presents population averages of masses and concentration, as well as their range in
redshift for the six reconstruction techniques we reference throughout this study. This information
highlights the importance of the selection function of clusters, though we make no attempt in this
chapter to distinguish between whether a lack of measurements of certain values for a given method
is due to its inability to make these determinations, or whether it is simply a preferential selection
effect. In Figure 3.1, we show the locations of galaxy clusters on the sky, as well as distributions in

mass-redshift space for each method.

CHAPTER 3: THE OBSERVED C-M RELATION 3.3 THE SAMPLE
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Table 3.1: Population Overview

Method  Npeas Nea  min(Myi,) (Myir) max(Myiy) min(cyir) {(Cyir) max(cyiy) min(z) (z) max(z)
(101"My)  (10MMg)  (101M)
CM 82 79 <1.0 3.9 18.6 <2.0 8.9 36.7 0.003 0.06 0.44
LOSVD 70 59 1.3 5.8 17.1 <2.0 8.8 39.0 0.01 0.06 0.44
X-ray 290 195 <1.0 26.1 >40.0 <2.0 7.2 26.2 0.003 0.22 1.41
WL 169 111 <1.0 124 >40.0 <2.0 8.1 64.5 0.02 0.48 1.45
WL+SL 113 58 <1.0 8.7 31.8 2.3 10.2  30.6 0.18 0.53 1.39
SL 19 11 3.2 24.3 >40.0 3.8 11.2 27.5 0.18 0.47 0.78

Ly
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Figure 3.1: (Left) The distribution of clusters on the sky for each reconstruction method.
The dotted line shows the location of the plane of the Milky Way galaxy. (Right) The range of
redshift and cluster masses each method spans for the sample we have collected.

3.3.1 Normalization Procedure

Due to the nature of this study, cluster measurements must be properly normalized to ensure that
they are compared to one another on equal footing. In this section, we discuss the steps taken to
eliminate biases due to overdensity convention, assumed cosmology, and due to differences in the
definitions of measurement uncertainty, respectively.
Convention
Under the assumption that the radial density profile follows an NFW profile, Hu & Kravtsov
(2003) derive a procedure for the conversion of both concentration and mass between any two arbi-
trary characteristic radii. We apply these formulae as a first round of our normalization procedure.
Cosmology
Measurements taken from the literature do not always use the same fiducial cosmology, and thus are
not immediately comparable. Because of this, we develop a procedure for converting measurements
between any two arbitrary cosmologies. Appendix B outlines this procedure for general lensing
methods.

For extreme cosmologies, the correction to the concentration parameter, cyi,, and mass, My;,, are

CHAPTER 3: THE OBSERVED C-M RELATION 3.3 THE SAMPLE
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Figure 3.2: The fractional error in weak lensing concentration and mass measurements due
to the conversion to an arbitrary cosmology (x-axis) from the fiducial cosmology used in this
chapter.

approximately 5% and 10%, respectively. This correction is significantly smaller than other known
effects. Moreover, the vast majority of all measurements we have collected assume flat cosmologies
which lie in the range Q, =1 — Q,, = 0.73 — 0.68. The corrections to the concentration and mass
in this range are ~ 1%. Figure 3.2 shows the fractional error in concentration and mass, over the
full range of flat cosmologies.
Uncertainties

Another complication which must be accounted for is the usage of multiple definitions of measure-
ment uncertainty on resulting mass and concentration estimates reported throughout the literature.
Particularly, many fitting procedures (namely methods which involve brute force exploration of like-

lihood space) produce maximum-likelihood estimates of parameters of interest and corresponding
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confidence intervals. However, most studies do not report the marginal distributions from their
fitting procedures, and consequently, limits the utility of their measurements for those looking to
compare or adopt their values.

Furthermore, the mathematical theorems which dictate the propagation of error of measurements
rely on expected values and variances, rather than maximum-likelihood estimates and probability
intervals. D’Agostini (2004) argues that the expected value and standard deviation should always be
reported, and in the event of an asymmetric distribution, one should also report shape parameters
or best-fit model parameters as well. Most importantly, any published result containing asymmetric
uncertainties causes the value of the physical quantity of interest to be biased.

We follow the procedure outlined in D’Agostini (2004) for symmetrizing measurements with
asymmetric uncertainties (to first order), Gmﬁf, and apply this to both cluster mass and concentra-

tion measurements.

oy~ A +A- (3.6a)
2
Ef] = 0m+O(A;L —AL) (3.6b)

Additionally, many studies report measurements without uncertainties altogether. For these
clusters, we apply uncertainty based upon the estimate of the average fractional uncertainty of all
other measurements of its type. The most notable method having this issue is the caustic method,
where virtually no measurements are accompanied by uncertainties. In this case, we apply the same
fractional uncertainty to all measurements equally, and is derived from the average fractional error
of LOSVD concentration and mass measurements.

Lastly, a large fraction of clusters represented in our database have multiple concentration and
mass measurements, leading subsequent fits to be more sensitive to these particular objects. In order
to prevent fits from being dominated by the most popular clusters (e.g. - Abell 1689, of which there

are 26 measurements in total), we combine similar measurements using an uncertainty-weighted
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average value.

3.4 The Observed Concentration-Mass Relation

In Figure 3.3, we show the full cluster dataset after applying the normalization procedures discussed
in the previous section. Following this, we present here the results of our fitting procedure to these
data. The typical prescription for modeling the c-M relation, is to use a double power-law model of

the following form

¢(M) = (1+Az)ﬁ (1\1\44)‘1 (3.7)

where the power-law indices, a and 3, control the dependence of the concentration with respect
to mass and redshift. The model parameter, A, controls the normalization of the relation, once a
suitable M, has been chosen (M, = 1.3 x 1013h=!1M, = 1.857 x 1013M,,).

We follow convention in using the above model, but in a slightly different form, with the power-

law index, (3, fixed to unity. We adapt this model to a linear model in the following way
y =m& +b=+ Tint (38)

where variables and model parameters relate to the initial model in the following way:

Y=logc(l + 2) (3.9a)
X=logM (3.9b)
m= « (3.9¢)
b=log A — alog M, (3.9d)

We introduce the intrinsic scatter, oj.s, as a fixed parameter, which we estimate from the data

(independently from the fit itself), and is assumed to be constant over the full mass range:

Ufnt =g — (0§,> (3.10)

res
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Figure 3.3: The full normalized observational cluster sample, colored by method. Uncertainties
have been omitted here for clarity.
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where o0,¢ is the scatter in the residual between the data and the best-fit model, and <U§;> is the
average squared-uncertainty in the dependent variable. The idea here is that the scatter in the
residual must be accounted for by a combination of scatter due to the intrinsic relation itself as
well as the uncertainties in the measurements of the observables. We also note that although the
value of the redshift for any given cluster has an effect on the uncertainty of the variable ), the
uncertainty in the measured redshifts themselves do not contribute much to the overall uncertainty
of the best-fit model parameters.

After measurements have been normalized, we eliminate extreme values of mass and concentra-
tion. Simulations tell us that the most massive clusters which exist at present are approximately
a few times 10 M. Accordingly, we remove masses which are larger than 4 x 10° M. We also
remove masses lower than 1 x 10 M), as these are more typical masses of groups. Lastly, concen-
trations which are lower than 2, indicate rather poor NFW fits to the density profile, and will bias
our inferred parameters.

In Table 3.2, we present our best-fit linear model parameters, and their mapping back to the
original power-law model. In Figure 3.4, individual fits to each subsample are shown alongside
normalized data points. Lensing (WL and WL+SL) and X-ray relations show a clear trend consistent
with concentration decreasing with increasing mass. We also include a bootstrap analysis of these
fits, to reveal the sensitivity of the fits to the data.

Though seemingly well-constrained, the bootstrap analysis reveals that our strong lensing c¢-M
relation is highly sensitive to the dataset (due to the very small sample size), and so the best-fit
model parameters are likely untrustworthy.

General agreement between concentration and mass measurements of all methods can be seen
in the range 104> — 10°M,, which we also point out, is the region we find most consistent with

simulation results.
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Table 3.2: Best-Fit Concentration-Mass Relation Parameters

Method Bootstrap —

Ng m?® Om? b ob Ac¢ oa? Oint € X?c d m Om b op A oA
CM 63 0.280 0.003 -3.138 0.038 3.778  0.677 0.242 0.327 0.28 0.19 -3.16 2.73 3.59  43.43
LOSVD 58 0.010 0.002 0.728 0.025 7.256 0.861 0.228 1.000 0.13 0.17 -1.00 2.55 5.31 58.74
X-ray 149 -0.105 0.001 2.494 0.010 12.612 0.676 0.160 1.224 -0.17 0.03 3.38 0.44 13.32 25.69
WL 93 -0.379 0.001 6.576 0.014 35.246 2.213 0.118 1.302 -043 0.11 7.35 1.62 44.10 312.68
WL+SL 57  -0.534 0.001 8977 0.016 77.882 5.249 0.130 1.070 -0.54 0.10 9.10 1.46 86.06 552.28
SL 10  0.097 0.004 -0.422 0.062 7.236 1.951 0.254 1.003 0.11 0.23 -0.60 3.49 7.24 109.02
All (This Work) 293 -0.152 0.001 3.195 0.007 15.071 0.703 0.146 1.354 -0.16 0.03 3.26 0.44 13.71 26.45
All (CO07.1) 62 -0.14 012 - - 14.8 6.1 0.15 - - - - - - -

“The slope, m, of the linear model is exactly equivalent to the power-law index .
bUm =0«

¢The normalization parameter, A, depends upon both m and b: A = 10b+mlogM.
4Uncertainty was propagated through the expression in [3].

¢°Equivalent to the scatter in logcyi, reported in previous studies.

24
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Figure 3.4: Upper left to lower right: Individual fits to CM, LOSVD, X-ray, WL, WL+SL, and
SL. The shaded regions represent the 1-o uncertainty in the best-fit parameters, and includes
the intrinsic scatter, oins. These relations are extrapolated over the full range of cluster masses
for illustration purposes only.

We also compare our results to the c-M relation studied by CLASH, which use a combined weak

and strong lensing technique for 19 X-ray selected galaxy clusters. The relation they fit,

B C
1.37 Maoo
—A 11
€200 (1 + z> (8 x 101h—1M,, (3:11)

with best-fit values of A =3.66 +£0.16, B = —0.14 £ 0.52, and —0.32 4+ 0.18, agrees well with pro-

jected simulations, after accounting for the X-ray selection function. Figure 3.5 shows the comparison
of the CLASH c-M relation to the the lensing relations, WL and WL~+SL. Our relations are signifi-
cantly steeper, and have higher normalizations?, though it should be noted that we do not account

for the lensing selection function, which we would expect to lower both parameters.

2Due to the addition of a third model parameter, the CLASH normalization is not directly comparable to ours.
However, visual inspection of Fig. 3.5 shows that their value is certainly lower than ours.
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Figure 3.5: A direct comparison of the concentration-Mass relations for lensing based methods
(WL and WL+SL) with results from CLASH (Merten et al., 2014). The left panel shows these
relations at a redshift of z = 0.2, whereas the right panel is at a higher redshift z = 0.5 (ap-
proximately the average redshift of WL and WL+SL measurements in our sample). Conversion
from co0p to Cyir Was necessary for comparison purposes.

3.5 Projection, Shape, And A Direct Comparison Of Reconstruction
Techniques

When regarded as a single population of measurements, a linear fit to the full dataset of clus-

ter mass and concentration pairs can be said to be, at face value, consistent with the results

from simulations (albeit only marginally). In Figure 3.6, we show the best-fit linear model to

the full dataset, with results from Groener & Goldberg (2014) (Chapter 2) plotted in pink. We

also find very good agreement with Comerford & Natarajan (2007b), who find a best-fit model of

Coir = 14(.18+iz6).1 (My;p /M, )~0-14%0.12,

When the projection of triaxial halos is taken into account, simulations become more consistent
with the lensing observations. Figure 3.7 compares WL and WL+SL relations to intrinsic halo
concentrations (pink) and 2D concentrations due to line-of-sight projection (cyan) of MultiDark
MDRI1 simulation halos found previously in Groener & Goldberg (2014). While projected halos in
this figure represent a perfectly elongated cluster sample, it is unlikely that all clusters with lensing

analyses performed to date are oriented in this way. Thus, projected concentrations presented here

can be interpreted as an upper limit, and constrains the ability of line-of-sight projection in easing
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the tension between simulations and lensing observations. Bahé et al. (2012b) also confirm that mock
weak lensing reconstructions of Millennium Simulation halos produce concentrations of upwards of
a factor of 2 for line-of-sight orientation, congruent with our analytical treatment. However, this
fails to completely account for the factor of ~ 3 (~ 4) which we find for WL (WL+SL) clusters of
mass ~ 10MMg,.

In Figure 3.8 (Left), we compare our lensing relations to ones obtained through dissipative N-
body simulations found in the literature. Median simulation relations are shown over the mass range
defined by our lensing samples (1 x 10'* — 3 x 10'°Mg,), and are evaluated at a redshift correspond-
ing to the average lensing redshift (z = 0.5). The intrinsic scatter in concentration is not shown here,
but is assumed to follow a log-normal distribution with a magnitude of A(logcyiy) ~ 0.18 (Bullock
et al., 2001a). The relation found by Prada et al. (2012b) shows the prominent upturn feature
in concentration, while other relations are monotonically decreasing functions of mass. Simulation
relations and ones obtained in this study stand in stark contrast with one another for lower mass
clusters (< 1 x 1014Mg,), however, projection must be first be accounted for before any conclusions
can be drawn. In the right panel, we compare analytical projections of simulation relations (using
the method outlined in Groener & Goldberg 2014; see section 2.2) with WL and WL+SL relations.
For the purposes of understanding the magnitude of this effect, halo shapes are assumed to be well-
described by prolate spheroidal isodensities with axis ratios of q = 0.65 (Jing & Suto, 2002¢), with
major axes in the line-of-sight direction. Increased scatter in projected relations are expected to be
caused by the actual distributions of shapes and orientations (which we do not account for here).
Direct statistical comparisons of these relations is non-trivial, due to the differences in relation mod-
els. However, the projection of triaxial halos was thought to be a sufficient explanation for fully
describing the existence of differing observed and simulated cluster concentrations. It is clear that
it is unlikely to be the sole contributing factor.

We also observe that the concentration-mass relation for combined WL+SL is steeper than WL
alone (though both relations are consistent at the 1-o level). Cluster halo isodensities which are

more prolate in the inner regions can produce larger projected concentrations for line-of-sight halos,

CHAPTER 3: THE OBSERVED C-M RELATION 3.5 PROJECTION AND SHAPE
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Figure 3.6: The concentration-mass relation (black line) with 1l-sigma uncertainty region
(grey shaded) observed for the full cluster dataset. Color scheme is the same, though cyan data
points represent co-added cluster measurements where more than one category of reconstruction
method was used. Errorbars have been omitted here for clarity.
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Figure 3.7: WL and WL+SL relations plotted with MultiDark MDR1 Simulation results
found by Groener & Goldberg (2014). Pink data points represent intrinsic 3D concentrations
found in three mass bins, and cyan data points are corresponding 2D concentrations due to the
projection of line-of-sight oriented halos.
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Figure 3.8: Left: Concentration-mass relations from recent simulations (Prada et al. 2012b,
Dutton & Maccio 2014, Klypin et al. 2014, and Correa et al. 2015a), along with lensing (WL
and WL+SL) relations found in this study. All relations are evaluated at a redshift of z = 0.5.
Right: Simulation relations after projection effects have been taken into account. Halos are
assumed to be prolate spheroidal (q=0.65), oriented along the line-of-sight direction.

and thus any method which makes use of information on this scale may stand to be biased high
because of it. We find that the sign of this difference is in the right direction for this effect, and we
cannot rule out shape as one of the underlying causes.

Though we do not possess a complete volume-limited sample of galaxy clusters for which all
measurement methods have been performed, we can begin to understand any systematic effects
present in clusters with concentrations and masses present for various combinations. In Figures 3.9-
3.11, we show clusters whose profiles have been estimated using the following pairwise combinations
of methods: i) WL and WL+4SL, ii) X-ray and WL, and iii) CM and LOSVD. We do not detect
any discernable trend in the way concentrations or masses are overestimated or underestimated in
each comparison, however, we show the magnitude of the potential discrepancy. WL and WL+SL
mass measurements are generally in very good agreement with one another (with a few notable
exceptions), however, differences in concentration do exist which are upwards of a factor of ~ 2 in
magnitude. X-ray and WL comparisons show discrepancies in mass (concentration) which can reach
as high as a factor of ~ 9 times (~ 6 times) larger, with X-ray mass estimates tending to be larger

than WL. Galaxy-based reconstruction techniques (LOSVD/CM) tend to agree less in both mass
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Figure 3.9: Comparisons of concentrations and masses for clusters measured using both WL
and WL+SL methods. The color of the scatter point indicates redshift.

and concentration, with uncertainties which are quite large.

3.6 Conclusions And Discussions

In this chapter, we have studied the observed concentration-mass relation using all known cluster
measurements to date. We also model individual relations for the most commonly used reconstruc-

tion techniques. In the present section, we discuss our results of this study.

e There is an inconsistency between lensing (WL and WL+SL) concentrations and theoretical
expectations from simulations. Low to medium mass lensing measurements (~ 10'4Mg) are
inconsistent with simulation results, even when projection is taken into account. It is very likely
the case that some of this difference can be generated by the existence of a strong orientation
bias in the lensing cluster population, however, the magnitude of this effect (quantified by

previous studies) cannot completely explain the difference we observe here.

e We find that the concentration-mass relation from strong lensing clusters remains virtually
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Figure 3.10: Comparisons of concentrations and masses for clusters measured using both
X-ray and WL methods. The color of the scatter point indicates redshift.
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Figure 3.11: Comparisons of concentrations and masses for clusters measured using both CM
and LOSVD methods. The color of the scatter point indicates redshift.
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unconstrained, due to the small size of the sample, as well as the insensitivity of SL recon-

structions to the outer region of clusters.

e The slope of the WL+SL relation is found to be higher (though still consistent) with WL
alone over the lower half of the mass range, and may point to the existence of a new physical
feature of clusters. However, when we only look at clusters with both measurements, we find no
evidence that concentrations generated by WL+SL methods are in excess of WL. Most likely,
this tells us that the selection effects for WL+SL is most likely the cause of this difference.
Moreover, the intrinsic scatter of the concentration parameter on all mass scales is observed
to be larger than the proposed difference in projected concentration due to shape, making this

effect difficult to measure.

e Lensing (WL and WL+SL) concentrations are systematically higher than those made with
X-ray methods. In the mass range of ~ (1 — 3) x 1014Mg,, the WL+SL relation is marginally
inconsistent with X-ray measurements. Reasons for a flatter X-ray relation as compared lensing
methods are numerous. The gas distribution is rounder than the dark matter mass distribution,
causing projection effects to be less severe for X-ray samples. X-ray masses are also biased
low due to temperature and hydrostatic equilibrium biases. For the same nominal value of
the mass (M, = Mx), X-ray clusters are more massive than the WL sample. Because lower
concentrations correlate with larger masses, these lower values are assigned to lower masses,
causing a bias toward flatness. Lastly, at very high masses, selection effects are less critical
to the c-M relation, since all high massive clusters are likely to pass observational thresholds,

and thus are included in samples.

e Out of all reconstruction methods, we also find that lensing (WL and WL+SL) relations are

the most inconsistent with a power-law index of zero.

e Methods which depend upon using galaxies as tracers of the mass show a neutral (LOSVD)
or positive (CM) correlation between concentration and mass. The sensitivity of the slope

of the caustic method c-M relation to the uncertainties is minimal. Disregarding uncertain-
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ties in either mass or concentration, we find a best fit slope and intercept of m = 0.207 and

b =—-2.103.

e We find the c-M relation of our X-ray sample to be consistent with results from DM only
simulations, though with a higher normalization, and slightly higher slope. However, direct
comparison of these results with simulations which include baryons, feedback, and star forma-
tion is necessary. Rasia et al. (2013) performed such a study, and found that the dependence of
the ¢-M relation on the radial range used to derive the relation, the baryonic physics included
in simulations, and the selection of clusters based on X-ray luminosity all work to alleviate
tensions between simulations and observations which existed previously. Though, they also
find that including AGN feedback brings the relation more in line with DM only simulations,
and it remains unclear whether or not all tensions between these relations have been identified

and accounted for.

One potential source of error in the inference of the slope of the ¢-M relation which we do not
account for in this study is the covariance of the mass and concentration measurements themselves
(Sereno et al., 2015b). Auger et al. (2013) discovered they were unable to constrain the slope of the
c-M relation of a sample of 26 strongly-lensed clusters with richness information, due to the intrinsic
covariance of their mass and concentration estimates, in addition to a limited dynamic range of halo
masses. Furthermore, improper modeling of the distribution of halo masses can also significantly
alter the inferred relation (i.e. - it is sensitive to the prior).

Selection effects can strongly steepen the slope of the c-M relation, especially for lensing clusters
(Merten et al., 2014; Meneghetti et al., 2014). The slopes of relations for clusters from CLASH,
LOCUSS, SGAS, and a high redshift sample (also included in this study), were all found to be much
steeper than that of the relation characterizing dark-matter only clusters (Sereno et al., 2015b).
For fixed mass, the most highly concentrated clusters are most likely to show SL features, and thus
are most likely to be included in SL selected samples (Oguri & Blandford, 2009b). In all cases,
the selection process of clusters tend to prefer over-concentrated halos, and depends strongly on

observational selection thresholds (Einstein radius, X-ray luminosity, morphology, etc.).
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Another consideration is the mis-modeling of the halo profile. Recently, N-body simulations have
shown that Einasto profiles provide an even more accurate representation of the density profiles of
dark matter halos compared to the NFW profile (Dutton & Maccio, 2014; Klypin et al., 2014;
Meneghetti et al., 2014). Sereno et al. (2015a) find that WL masses and concentrations for very
massive structures (> 10'%h~'Mg) can be overestimated and underestimated, respectively, by about
~ 10%, if an NFW model is incorrectly assumed. Though this does not fix the mismatch in the
concentration parameter we have discussed here, it could perhaps artificially steepen the overall
slope of the relation by reducing the concentrations of the most massive clusters.

Another plausible explanation for the existence of this new over-concentration discrepancy for
clusters is that dark matter only simulations lack important cluster physics which is present in real
clusters. Feedback from AGN and supernovae, and gas cooling are mechanisms which may cause (or
prevent) further concentration of dark matter within the cores of clusters, and have a strong effect
on their lensing efficiency (Puchwein et al., 2005b; Wambsganss et al., 2008b; Rozo et al., 2008b).
Mead et al. (2010b) find that strong lensing cross-sections for high mass clusters are boosted by up
to 2-3 times, when including gas cooling with star formation in simulations. Furthermore, they find
that by adding AGN feedback into the mix, this cross-section (and also the concentration parameter)
decreases, as energy is injected back into the baryonic component.

There is a strong need to obtain low-mass (< 1 x 1014Mg) lensing measurements, since our most
contentious conclusion is that, if the relation we have found holds in the galaxy group region, we
expect cluster concentrations to be even less consistent with theory than they already are. Clearly
this trend cannot continue indefinitely, but it remains to be seen how this model breaks down. An
ideal study would contain a large, complete, and volume-limited sample of clusters, which can be
studied in each reconstruction method. In this way, we could hope to eliminate the dependence of
the selection function of clusters on the concentration-mass relation we would measure. Lastly, since
selection effects are quite difficult to model, it is worth extending this study to as large of a sample
as possible. Heterogeneous datasets (such as the one compiled in this study) have the ability to

compensate for selection biases (Gott et al., 2001; Piffaretti et al., 2011; Sereno & Ettori, 2015).
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Chapter 4: The Impact of the Large Scale Environment Upon Cluster
Observables

4.1 Introduction

Galaxy cluster halos are prolate spheroidal in shape, with major axes oriented along large scale
structures (Colberg et al., 2005; Kasun & Evrard, 2005b; Basilakos et al., 2006; Allgood et al.,
2006b; Altay et al., 2006; Aragon-Calvo et al., 2007; Bett et al., 2007b; Zhang et al., 2009; Paz et al.,
2011). Through the study of cosmological simulations, this connection between clusters and their
environment is largely caused by the redirection of the dark matter halo axes along the direction of
the last major merger event (van Haarlem & van de Weygaert, 1993; Splinter et al., 1997).

It has also been well-established that cluster properties, like mass and concentration, are highly
sensitive to projection of non-spherical distributions of mass, particularly for the various flavors of
gravitational lensing (Comerford & Natarajan, 2007a; Sereno et al., 2010a). This effect has also
been shown to be important in X-ray reconstructions (Buote et al., 2007; Schmidt & Allen, 2007;
Ettori et al., 2011), as well as the caustic method (Svensmark et al., 2015). Reconstructing the
3-dimensional mass distribution within the cluster is currently a highly degenerate procedure, in
that an infinite number of distributions may lead to the same mass map projected on the sky.
Consequently, it becomes incredibly important to look for other clues which may help us assign
likelihood to the orientation and shape of the cluster halos in 3-dimensional space.

Using galaxies as tracers of the large-scale structure (by means of redshift surveys), the cluster
environment can be fully mapped out in 3-dimensions and studied alongside their 2-dimensional
radial density profile properties. Since galaxy clusters are expected to point along filaments, a
strong correlation between the orientation of the filament and the values of the concentration and
mass should exist. For an environment consistent with line-of-sight structure, we expect to see higher

cluster concentration and mass measurements.
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Figure 4.1: Image: www.sdss3.org. The SDSS DR10 survey footprint. In total, there are
1,848,851 spectroscopically confirmed galaxies within the dataset, out to a redshift of approxi-
mately z ~ 1.

4.2 Data

In order to study the relationship between cluster observables and the surrounding large scale struc-
ture, we require overlapping cluster and galaxy datasets. We use the locations of spectroscopically
confirmed galaxies from Sloan Digital Sky Survey (SDSS) Data Release 10 (Fig 4.1) to trace out the
large scale structure. In total, the survey covers 14,555 square degrees of the sky, with a magnitude
limit of around 22. From this data release, we obtain the spectroscopic redshift, right ascension, and
declination measurements of just under 1.4 million galaxies within an area on the sky defined by the
following right ascension and declination bounds: 100° < o < 270° and —10° < ¢ < 70° (Fig 4.2).
Cluster concentration and mass measurements, redshifts, and their locations on the sky, are taken
from Chapter 3. It should be noted that these measurements have been normalized over overdensity
convention, cosmology, and uncertainty convention (see Section 3.3.1). Starting with 361 unique
clusters, a sub-sample of 203 is selected, based upon the constraint that they must exist within the

SDSS survey volume outlined above.
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Figure 4.2: The subset of SDSS galaxies we use for our study have been selected between RA
100° < o < 270°, and a declination of —10° < § < 70°.
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18“

Figure 4.3: Top: A 2 degree slice in declination of the SDSS galaxy population (black), with
clusters (red) obtained from [CITE GR15.1]. The observer is located at the origin. Bottom: A
blown-up version of the top panel, showing the filamentary-like structure of the universe. Blue
circles give scale (10h~! Mpc), and green bars show the line-of-sight direction at the location of
each cluster.
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4.3 Obtaining Large-Scale Structure Around Clusters

Isolating SDSS galaxies around each cluster becomes our first major step in determining the effects of
the large-scale environment upon cluster measurements. Since cluster alignment is said to correlate
with the direction of filaments on scales up to 30h~! Mpc, we select an outer radius of 10h~! Mpc,
which is nearly an order of magnitude larger than the outer radii of typical clusters, ~ 1.5h~! Mpc
(Fig. 4.3).

To keep the volume roughly the same around clusters at all redshifts, we use the following
condition for the association of galaxies to a given cluster. Firstly, the spherical coordinates of the

ith cluster are:

—

ri—= <Xi> Qj, (51> (41)
where y; is the comoving distance to the i*? cluster at redshift z;

Xi_i/m dz
" HoJo Qo1+ 2)3+

(4.2)

with the Hubble distance being ¢/Hy = 3000h~! Mpc, and where a; and §; represent the right as-
cension and declination of the cluster (in radians).
We then calculate the coordinates of every SDSS galaxy in the sample by placing the i*? cluster

at the origin of a new spherical coordinate system. For the j*" galaxy, these coordinates would look

like:
i = (xij, X%, xy) (4.3)
where
Xlij = Xj — Xi (44&)
x%j = (aj — i) cos & Da (4.4b)
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x%j = (8 — ;) Da,; (4.4c)

A new distance measure is introduced here, the angular diameter distance, D, which is defined in

terms of the comoving distance, x.

X
Da = 4.
A 1+2z ( 5)

Selecting galaxies within a radius of R = 10h~! Mpc becomes a straightforward condition to check:

(x')” + (%) + (%) < R? (4.6)

As an example of this procedure, Figure 4.4 shows SDSS galaxies selected around the cluster
Abell 1238.

Lastly, we enforce a threshold of Ng,; > 100 in order to ensure that only clusters with a sufficiently
dense tracing of its environment are used for further study. This cuts our sample from 203 unique

clusters down to 92.

4.3.1 Quantifying Structure

We are looking to understand if line-of-sight large-scale structure has an impact on cluster concen-
tration and mass measurements. Our first attempt at quantifying the structures we find around

clusters is to focus on the distributions of azimuthal (f) and polar (¢) angles.

0 =tan~! (g) (4.7a)

¢ =cos ™ (?) (4.7b)

where we define {x = x?, y = x3, z = x}, and where r = /(x1)2 + (x2)2 + (x3)2.
From these angles, we can make use of spherical harmonic functions, which are commonly used

special functions defined on the surface of a sphere. Due to their orthogonal nature, any arbitrary
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Abell 1238

Figure 4.4: Shown here are the 322 spectroscopically confirmed SDSS galaxies (black scatter
points) around the galaxy cluster Abell 1238 (red), located at a redshift of z = 0.0733.
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angular function can be expressed as a linear combination of spherical harmonics.

[e’e) 1
£(0,0) =>_ > APY{(0,0) (4.8)

1=0 m=0

Spherical harmonics are defined by a set of integers, ] and m (m = —1,...1), roughly corresponding
to the shape of the function and the orientation of the function, respectively.

The coefficients of this series can then generally be computed as follows:

/%/ f(o 0, ¢)sind do do (4.9)

where YNIH‘(H7 ¢) is the complex conjugate of the spherical harmonic function, Y (6, ¢).
However, in our case, the function {(6, ¢) is discrete rather than continuous, leading us to compute

coefficients in the following way:

47

A{n - ﬁ ( 17¢1) (410)

HMZ

Since we expect roughly triaxial or filamentary-like large-scale structure, we pay specific attention

to the modes {l=1,m = —1,0,1}.

Yi= f\/%sineew (4.11a)
/3

YY) = o cos @ (4.11b)

Yt = ,/i sinfe”'¢ (4.11c)
8T

These spherical harmonics give us an idea about the elongation of structure along the primary

axes. Most importantly is the value of A9 (line-of-sight direction, z) relative to A} and A7 (in x-
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and y-directions, respectively). From these coefficients, the statistic we compute is:

A}

/A(1)2 +A(1)2

(4.12)

4.4 Results And Future Work

In this section, we present the results of our correlation tests between the line-of-sight statistic
(4.12), with cluster mass My;, (Figure 4.5), concentration ¢y, (Figure 4.6), and the redshift-scaled
concentration cyiy(1 4 z) (Figure 4.7). In all cases, we find no discernable correlation between cluster
observables and line-of-sight orientation of its surrounding environment on scales of up to 10h~'Mpc.
In each figure, we also highlight clusters which contain measurements which were made with weak
lensing.

With a sample size of 92 clusters, it is difficult for us to completely reject the idea that angular
information about galaxies around clusters (out to sufficient distances) can tell us about the true
inclination of clusters with respect to the line-of-sight. Keeping this in mind, characterizing the large-
scale galaxy distribution is made in a number of ways, many of which we have not yet attempted
with our sample. Including radial information may prove useful, however, we would truly benefit
the most by having a much larger cluster sample (for instance, the maxBCG sample Koester et al.
2007, which contains 13,823 galaxies found within SDSS).

The breakdown by method of cluster concentrations and masses measured for our 92 clusters are

the following (remembering that some clusters are measured multiple times):
e LOSVD: 34
e CM: 62
o X-ray: 33
e WL: 5

Redshift-based distance measurements of galaxies are sensitive to two general effects, arising

from their peculiar velocities (additional motion which is not defined by the Hubble flow). The first
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effect is called the “finger of God” effect, whereby distances to galaxies are over-estimated (under-
estimated) due to their radial motion away from (toward) the observer while orbiting within the
cluster. This effect becomes important once typical peculiar velocities for galaxies around clusters
(Vpec = 300km/s) are comparable to their recession speed due to the expansion of the universe
(Vexp = cz for relatively low redshifts). Nearby clusters suffer an elongation of their structure along
the direction of observation. A much smaller effect than the “finger of God” effect, entitled the
Kaiser effect, is caused by the coherent motions of galaxies as they fall toward clusters as they
assemble. Instead of an elongation along the line-of-sight, structures are flattened perpendicular to
this direction, creating pancake-like structures. Their combined effects are seen in the correlation
function of galaxies in surveys like the two degree field galaxy redshift survey (2dfGRS) (Hawkins
et al., 2003). Redshift space distortions become important once the distributions around clusters
are quantified in any way. Careful subtraction of cluster members is therefore the only way to
mitigate these effects upon our final result. In order to do this however, we require catalogs of

cluster members.
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Figure 4.5: The correlation between the total cluster halo mass, M,;;, and the measure of
line-of-sight orientation of environmental structure using the spherical harmonic coefficients,
A", Larger values indicate more line-of-sight structure relative to perpendicular structure. Red

points indicate clusters which make use of weak lensing (WL) measurements.
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Figure 4.6: The correlation between the cluster concentration, cyi;, and the measure of line-
of-sight orientation of environmental structure using the spherical harmonic coefficients, A".
Larger values indicate more line-of-sight structure relative to perpendicular structure. Red
points indicate clusters which make use of weak lensing (WL) measurements.
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Figure 4.7: The correlation between the redshift-scaled cluster concentration, cyiy(1 + z), and
the measure of line-of-sight orientation of environmental structure using the spherical harmonic
coefficients, A{". Larger values indicate more line-of-sight structure relative to perpendicular
structure. Red points indicate clusters which make use of weak lensing (WL) measurements.
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Chapter 5: Conclusions

The internal distribution of mass within galaxy clusters is a crucial test of physics on the largest
scales in the universe. Maps of clusters can be made in numerous ways, however, direct comparison
becomes hard to make for a few reasons. Methods which depend upon galaxies to trace the mass
(e.g. - the caustic method, and line-of-sight velocity dispersion), gravitational lensing (weak, strong,
and weak+strong), and methods which relate the hot X-ray emitting gas to the total mass of the
cluster, each come with their own set of assumptions, and probe varying masses, orientations, and
concentrations from the cosmic population.

Furthermore, the relationship between the cluster concentration and mass (profile properties
which the aforementioned techniques aim to measure), has been observed to be significantly different
between large-scale, dissipationless N-body simulations and observations. This problem has been
dubbed, “The over-concentration problem”, and is the primary motivation for the work we have
done.

By studying galaxy clusters forming in the MultiDark MDR1 cosmological simulation (Chapter
2), we are able to observe their intrinsic 3-dimensional density profiles. This vantage point is not
currently available observationally. We find that dynamically relaxed clusters are generally well-fit
by the universal NF'W profile, with co-aligned isodensities. However, upon projection along the
line-of-sight direction, we find that the concentration becomes an aperture-based quantity, caused
by one very important feature of clusters. Cluster isodensities, while remaining largely coaxial with
one another, are not the same shape on all radial scales throughout the halo. This difference in
shape can cause an upward bias of ~ 20% in 2-dimensional concentrations on strong lensing scales
(~ 0.5 r900) as compared to weak lensing scales (~ rago), when halos are viewed along their major
axes. This rise in galaxy cluster axis ratios is something studies do not currently account for, and
has the potential to cause systematic biases within the concentration-mass relations generated by

different observational reconstruction techniques.
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Motivated by this prediction, we then look for this novel characteristic difference in the concentration-

mass relations of a sample of observational measurements in Chapter 3. We collect all known concen-
tration and mass measurements from the literature, for which we quantify the c-M relation for each of
six common reconstruction techniques (X-ray, WL, SL, WL+SL, CM, and LOSVD; see section 3.2).
Though we cannot constrain the relation for strong lensing clusters (due to a lack of data), we do
indeed find a somewhat steeper slope for WL+SL than we do for WL alone. However, observational
relations are subject to an additional potential bias as compared to ones generated by simulations.
Specific instruments or reconstruction techniques carry with them observational thresholds (e.g. -
X-ray luminosity, Lx). This means that a steeper WL+SL relation cannot necessarily be attributed
to a changing of cluster shape with radius. The requirement for one to see strong lensing features
around a cluster is a fairly strong selection effect, since chance alignment of background galaxies are
more likely for higher masses with elongation along the line-of-sight. Nonetheless, we conclude that
WL and WL+SL relations remain inconsistent with those from simulations, if projection is assumed
to be the sole cause of differences in concentration.

Lastly, in Chapter 4, we explore the relationship between 2-dimensional measurements of mass
and concentration (from clusters collected in Chapter 3) with the angular structure of the large-
scale environment. Galaxy clusters populate the densest environments in the universe, often times
living at the intersections of large-scale filamentary structures. These super-highways of galaxies
trace out a cosmic web of structure, from which galaxy clusters tend to align themselves along. If
this is in fact true, we would naively expect that having knowledge of the direction of large-scale
structure around clusters may be able to tell us about the 3-dimensional orientation of the cluster,
and therefore break the degenerate nature of the deprojection of mass along the line-of-sight. We use
1,391,449 spectroscopically confirmed galaxies obtained from the Sloan Digital Sky Survey (SDSS)
Data Release 10 to trace out the large-scale structure around 92 galaxy clusters within the survey
volume. We find essentially no dependence of cluster mass or concentration measurements with
line-of-sight orientation of the large-scale structure surrounding them. However, we note that the

concentration measurements used for this study are almost exclusively made with the caustic method

CHAPTER 5: CONCLUSIONS



81

and line-of-sight velocity dispersion, rather than with lensing or X-ray methods. In Chapter 3, we
saw evidence that these particular c-M relations were the most prone to projection effects.

Future work will include additional measures of quantifying structure around clusters, as well
as the identification of cluster members. This will allow us to mitigate the effects of redshift space
distortions, and more accurately map out cluster environments. Ultimately, if a strong connection
is found between the orientation of large scale structure and the over-concentration of clusters, we
would work toward the development of a procedure to constrain 3-dimensional cluster properties.
We also aim to measure the profile properties of a large, volume limited sample of clusters in each
major reconstruction technique available. This future project would require optical imaging and
spectra (for lensing and galaxy-based methods), in addition to X-ray imaging. With selection effects
essentially marginalized over, this would allow us to calibrate reconstruction techniques against one
another, and truly understand physical biases which may exist between them.

Throughout this work, we have discussed the details and importance of measuring density profile
properties of galaxy clusters, in both 2- and 3-dimensions. With larger and more sophisticated
simulations and major survey projects like LSST on the horizon, it will soon be possible to study with
much higher precision how shape, orientation, and the large-scale environment alter our perception

of the largest bound structures in the universe.
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Appendix A: Analytical Projection of Prolate Spheroidal Halos

The analytic form of the projected concentration is derived with the assumption that the surface
mass density remains a constant (that is, the combination of shape and radial profile must change
in such a way as to keep the original 2-dimensional distribution the same). We start with the scale

convergence of a triaxial NFW halo as described in Sereno et al. (2010b):

Ko — fgeo Ps
° VEer Ecr

Tsp (Al)

where ep, rsp, and fye, are the projected inverse axis ratio (the inverse of Equation 9), projected

scale radius, and a geometric elongation parameter, respectively.

RIE
fgeo =L (A2)

€A

The inverse projected axis ratio of a 3-dimensional ellipsoid viewed at an arbitrary viewing angle

has been worked out by Binggeli (1980) to be

\/j+l+ VG =12+ k2
ep = (A3)

JH1—+/(G —1)? + 4k2
where the intrinsic halo geometry (q is the semi-minor to semi-major axis ratio; p is the semi-
intermediate to semi-major axis ratio) and viewing angle are input into:
j = ¢?sin® 0 + p? sin® ¢ cos? 0 + cos? ¢ cos? 0 (A4)
k = p? cos® ¢ + sin? ¢

= (1 fpz) sin ¢ cos ¢ cos
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The elongation parameter is defined in the following way:

. 1/2
er = (P) e (A5)
€1€2
f = e?sin?fsin? ¢ + €2 sin? 0 cos® ¢ + cos® 0 A6
1 2

Remembering that the scale density ps is

Ps = pcr(sc (A7)

allows us to associate the extra geometric factor of 1/ea in the scale convergence expression with

the overdensity.

1
bc = — 0. (A.8)
ea
3 1 3
A < (A.9)
log(1+C) - 155 ealog(1+4¢) — 15

The extra geometric factor can be expressed in terms of the prolate spheroidal projected axis ratio
Q, a function of the intrinsic axis ratio q, and the angle between the major axis and the line-of-sight.
Above, we have conclude that the assumption of prolateness is proven to be a reasonable one, thus

the surplus in concentration can be completely expressed in terms of prolate spheroidal .

— = (A.10)

APPENDIX A: ANALYTICAL PROJECTION OF PROLATE SPHEROIDAL HALOS
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Appendix B: Lensing Cosmology Correction

In this section, we derive the correction to the measured cluster concentration and mass (assuming
an NFW profile), due to assumed cosmological model. Beginning with the total mass enclosed within

a sphere of radius r

/T,
Mnrw (< 1) = 47t pg [log (1 +1/1) — 1+/r;rs (B.1)

where rg is the scale radius, and is used to scale the radial coordinate which we will denote as
x =1/15. In terms of projected quantities, following Sereno et al. (2010c) we can express the scale

radius and scale density ps as

ECY

Ps = Ks (B.2)
I

Irs = DdQS (B?))

where kg is the normalization, ¥, is the critical surface mass density for lensing, Dq is the angular

diameter distance to the lens, and 6 is the angular scale radius.

c2Dy
Yo =——7—""7— B.4
¢ 47TGDdSDd ( )

At this point it should be noted that the scale convergence and projected (angular) scale radius
do not depend upon cosmology when fitting the shear profile. The mass within radius rao and its

corresponding concentration ca can be expressed in terms of projected quantities

Mypw (< 1a) = ; l:log(l tep)— —2 ] (B.5)

CA =

a1 [2Myrw(<STa) e
I'g DdQS A - H2
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where A is the factor by which the density inside ra is A - per, and H is the Hubble parameter.
Next, by solving the former two expressions for xs and s (which are conserved measurements for
any arbitrary choice of cosmology), we obtain a system of equations which then relate the lensing
mass and concentration in any two cosmologies, 2; and Q5. In order to simplify the notation a bit,
the mass and concentration corresponding to ra in cosmology (), will henceforth be expressed as

Ma (Q) and ca(€), respectively.

CA(QQ)S _ CA(Ql)B
Ma(Q2)  Ma()

‘R (B.7)

The ratios R and T, and the function f, can be expressed in terms of the following cosmology
dependent quantities:
Da(921)°H(21)?A(21) _ Da()®  A(R1)per (1)

R D ()P H(0 PA) ~ Da(@ A()per() (B.9)

DS(QI)Dd(Ql) Dds(Q2) ZC]r(Q2)

T = = B.10

Das(@1)  Du(2)Da()  Tal®h) (B.10)

F(x) = log(x) — (B.11)

-8 14+ ’
Solving this system of equations, can be done by numerically solving for ca (€22)

flca(€)) _ flea()) T

= C = B.12

ca(29)3 ca(f21)® R ( )

Lastly, the mass Ma(€s) is obtained by direct substitution of the numerical result from (15).

APPENDIX B: LENSING COSMOLOGY CORRECTION
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Appendix C: Full Observational Dataset

We discuss here the details of our measurement aggregation procedure.

e The overwhelming majority of measurements were reported in the one or both of the con-
ventions shown in Table A-1! (200, and virial). Whenever possible, we report measurements
made by the original paper, rather than relying on the conversion procedure outlined in Hu
& Kravtsov (2003). For papers which report their results for only one (or neither) of the

previously mentioned conventions, we apply the aforementioned conversion process.

e There are numerous definitions (and approximations) used throughout the literature for dy;,
(also represented as A,). All measurements reported using the virial overdensity convention
have been converted to a consistent definition (Bryan & Norman, 1998), before being reported
in Table A-1:

A, = 187 4 822 — 3922 (C.1)

for a flat cosmology (g = 0), and where z = Q(z) — 1. Furthermore,

Qo (1+ 2)°
Qz)= ———— 2
()= 2 (©2)
with F(z) representing the Hubble function.
E(z)?=00(1+2)>+Qr(1+2)°+Qx (C.3)

This approximation is accurate to 1% within the range of Q(z) = 0.1 — 1.

e All data reported in Comerford & Natarajan (2007b), were also reported in this study using
their original cosmological model (with the exception of King et al. (2002)). We follow this

convention, and continued to report measurements in Table A-1 in the cosmology found in the
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source paper.

e All new measurements added to the dataset which do not appear in Comerford & Natarajan
(2007b) received redshifts from previous entries (if available; meaning that if the cluster already
exists in the database, the first reported value of the redshift is used). Differences in these
redshifts are minimal (~ 1%), and do not contribute significant uncertainty to the inferred ¢-M
relation. Right ascension (RA) and declination (Dec) measurements were almost exclusively
obtained from NED?. Lastly, due to the plurality of cluster naming conventions (nearly one for
each survey or study), cluster names were cross-matched with previous entries using NED in

order to ensure that our cluster sample does not contain artificially over-represented objects.

IThe raw data has been made publicly available (format: csv, xlsx) here:
http://www.physics.drexel.edu/~groenera/
2https://ned.ipac.caltech.edu/

APPENDIX C: FULL OBSERVATIONAL DATASET
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Table C.1:

Cluster concentrations and masses

Cluster 2 RA Dec Method  cap Mapo Cyir Myir Ref s Qm/Qp /b
(10t M) (10t M)
Virgo 0.003 12 30 47. +12 20 13 X-ray 28797 4.279-8 3.875-9 5.479-9 McLaughlin (1999) 200 0.3/0.7/0.7
Virgo 0.003 12 30 47. +12 20 13 oM 0.92 2.4 1.35 3.87 Rines & Diaferio (2006) 200 0.3/0.7/None
NGC 4636 0.0031 12 42 49. +02 41 16 oM 8.64 0.16 11.41 0.19 Rines & Diaferio (2006) 200 0.3/0.7/None
NGC 5846 0.006 15 06 29. +01 36 20 oM 8.29 0.5 10.95 0.59 Rines & Diaferio (2006) 200 0.3/0.7/None
NGC 5044 0.009 13 15 24. -16 23 08 X-ray 8.4102 0.32210-969 111198 0.37510-010 Gastaldello et al. (2007a) 1250 0.3/0.7/0.7
+0.93 +0.34 +1.22 +0.39 . i
Abell 1060 0.01 10 36 41. .27 31 28 Losvb  10.67139% 3.5770-34 13.0811-22 4.007-39 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
+2.45 +1.32 +3.27 +1.53
Abell 1060 0.01 10 36 41. -27 31 28 X-ray 10271245 9.8171:32 1371327 113917158 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 1060 0.01 10 36 41. -27 31 28 Losvb 106117} 3.870-2 14.0732-0 4.4t Lokas et al. (2006) virial 0.3/0.7/0.7
Abell 1060 0.01 10 36 41. -27 31 28 X-ray 8.4108 - 111198 - Xu et al. (2001) 200 0.3/0.7/0.5
0.81 0.72 1.08 0.84
Abell 3526 0.011 12 48 47. 41 18 28 X-ray 10.43+0-81 8.2619-72 1897108 9.5870-84 Babyk ot al. (2014) 200 0.27/0.73/0.73
NGC 1550 0.0124 04 19 37. +02 24 34 X-ray 18.073-8 0.27476-011 170719 0.31176-014 Gastaldello et al. (2007a) 2500 0.3/0.7/0.7
Abell S805 0.0139 18 47 20. -63 20 13 LOSVD  6.6913 87 2.3570-33 8.857 532 2.7976-39 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
NGC 2563 0.0149 08 20 35. +21 04 04 X-ray 75737 0.22475-9¢ 9.9754 0.26376-078 Gastaldello et al. (2007a) 2500 0.3/0.7/0.7
Abell 262 0.0163 01 52 46. +36 09 05 LosvD  7.94F39% 2.147537 10451252 2.517553 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
Abell 262 0.0163 01 52 46. +36 09 05 X-ray 10117362 2.93f8'2§ 13.46T1-36 3.410-85 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 262 0.0163 01 52 46. +36 09 05 Losvp 31787 21192 4.2+113 27112 Lokas et al. (2006) virial 0.3/0.7/0.7
0.5 0.077 0.7 0.099
Abell 262 0.0163 01 52 46. +36 09 05 X-ray 6.7793 0.02778-077 8.8707 1.00010-099 Gastaldello et al. (2007a) 2500 0.3/0.7/0.7
Abell 262 0.0163 01 52 46. +36 09 05 X-ray 5.2070-43 - 7.0378-55 - Vikhlinin et al. (2006) 500 0.3/0.7/0.71
Abell 262 0.0163 01 52 46. +36 09 05 X-ray 12,0711 - 16.8714 - Xu et al. (2001) 200 0.3/0.7/0.5
Abell 194 0.018 01 25 40. 01 24 26 oM 6.27 1.09 8.3 1.3 Rines et al. (2003) 200/turn 0.3/0.7/None
NGC 533 0.0185 01 25 31. +01 45 33 X-ray 13.071-9 0.20210-91 16,9713 0.22010-912 Gastaldello et al. (2007a) 1250 0.3/0.7/0.7
+1.05 +0.23 +1.38 +0.27 . i
MKW 4 0.02 12 03 57. +01 53 18 Losvb  7.01+29% 1551028 1047538 1817027 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
MKW 4 0.02 12 03 57. +01 53 18 X-ray 19037315 2.22F184 26.107%12 2.4873-9¢ Babyk et al. (2014) 200 0.27/0.73/0.73
0.6 0.026 0.8 0.033
MKW 4 0.02 12 03 57. +01 53 18 X-ray 9.475:¢ 0.5479-026 123708 0.62478-033 Gastaldello et al. (2007a) 1250 0.3/0.7/0.7
MKW 4 0.02 12 03 57. +01 53 18 X-ray 3.8510-22 1117918 5171028 137762 Vikhlinin et al. (2006) 500 0.3/0.7/0.71
MKW 4 0.02 12 03 57. +01 53 18 oM 11.6 2.27 15.13 2.59 Rines & Diaferio (2006) 200 0.3/0.7/None
. +0.83 +0.37 +1.09 +0.43 . .
Abell 3581 0.0218 14 07 28. -27 00 55 LosvD  9.321083 1581037 1227209 1771848 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
Abell 3581 0.0218 14 07 28. -27 00 55 X-ray 9.8175-3 0.3973-23 128783 0.45727¢ Voigt & Fabian (2006) 200/2E4 0.3/0.7/0.7
Abell 1367 0.022 11 44 36. +19 45 32 oM 16.9 5.46 21.9 6.11 Rines et al. (2003) 200/turn 0.3/0.7/None

Continued on newt page
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Table C.1 — Continued

Cluster z RA Dec Method €200 Mago Cyir Myiy Ref 5 Qm/Qp/h
(1ott M) (10tt M)
0.6 0.036 0.8 0.046
1C 1860 0.0223 02 49 33. .31 11 21 X-ray 7.219:6 0.43179-036 9.579-8 0.5071-046 Gastaldello et al. (2007a) 1250 0.3/0.7/0.7
MKW 11 0.0228 13 29 31. +11 47 19 oM 4.29 0.46 5.75 0.57 Rines & Diaferio (2006) 200 0.3/0.7/None
NGC 5129 0.023 13 24 10. +13 58 36 X-ray 112718 0.13575-017 146723 0.15475-02 Gastaldello et al. (2007a) 1250 0.3/0.7/0.7
Abell 1656 0.023 12 59 48. +27 58 50 WL 2,557 527 8.073-5L 3.57+1-52 12.033 506 Okabe et al. (2014) virial /200/500 0.27/0.73/None
Abell 1656 0.023 12 59 48. +27 58 50 WL 3.84715:26 18.8785 57372 23.6278-17 Kubo et al. (2007) 200 0.3/0.7/None
Abell 1656 0.023 12 59 48. +27 58 50 WL 50132 73183 6.7153 ER A Gavazzi et al. (2009) 200 0.3/0.7/0.7
Abell 1656 0.023 12 59 48. +27 58 50 X-ray 1.3719-23 41A94fég§ 1.9879-86 62.86tg‘g; Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 1656 0.023 12 59 48. +27 58 50 oM 10.0 11.2 13.1 12.9 Rines et al. (2003) 200/turn 0.3/0.7/None
Abell 1656 0.023 12 59 48. +27 58 50 LOSVD 7.0 118783 9.3 13.9740 Lokas & Mamon (2003) virial 0.3/0.7/0.7
Abell 779 0.0233 09 19 49. +33 45 37 LosvD 61749 1.65 g.073- 1.97 Abdullah et al. (2011) virial 0.3/0.7/None
Abell 779 0.0233 09 19 49. +33 45 37 Losvb 435795, 1207035 5.82710% 1.597618 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
Abell 779 0.0233 09 19 49. +33 45 37 oM 24.41 2.66 31.46 2.94 Rines & Diaferio (2006) 200 0.3/0.7/None
NGC 4325 0.0257 12 23 06. +10 37 16 oM 1.87 0.21 6.49 0.26 Rines & Diaferio (2006) 200 0.3/0.7/None
NGC 4325 0.0257 12 23 06. 410 37 16 X-ray g.etll 0.30110-054 11,2114 0.34910-065 Gastaldello et al. (2007a) 2500 0.3/0.7/0.7
“1 ~0.054 —1.4 ~0.065
RXC J2214.8+1350 0.0264 22 14 52. +13 50 48 oM 6.85 0.4 9.03 0.47 Rines & Diaferio (2006) 200 0.3/0.7/None
) ) L +1.19 0.036 1.55 0.041 . . .
RXC J2315.7-0222 0.0267 23 15 45. -02 22 37 X-ray 11667119 0.44278-038 15181752 0.50478-092 Démocles et al. (2010) 500 0.3/0.7/0.7
MKW 8 0.0271 14 40 38. +03 28 35 X-ray 15.28T5-14 747128 20117518 8.a51157 Babyk et al. (2014) 200 0.27/0.73/0.73
MKW 8 0.0271 14 40 38. +03 28 35 oM 5.27 0.56 7.0 0.68 Rines & Diaferio (2006) 200 0.3/0.7/None
NGC 6338 0.0286 17 15 23. +57 24 40 oM 7.46 2.16 9.8 2.54 Rines & Diaferio (2006) 200 0.3/0.7/None
1.26 0.49 1.65 0.57 .
Abell 539 0.029 05 16 37. +06 26 16 Losvb 9811228 3.2570-49 12817568 3.7378-37 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
+2.04 +1.46 +2.7 +1.69

Abell 539 0.029 05 16 37. +06 26 16 X-ray 10371264 8.3871:28 1374127 9.6973-99 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 539 0.029 05 16 37. 406 26 16 oM 14.7 3.63 19.0 4.09 Rines et al. (2003) 200/turn 0.3/0.7/None
Abell 4038 0.03 23 47 43. -28 08 29 X-ray 9.381]0% 8.2670 8 12.46f}§1 9.62fi"33 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 2197 0.03 16 28 10. +40 54 26 oM 1.35 0.99 1.91 1.45 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 2199 0.03 16 28 38. +39 32 55 X-ray 6.2775-25 12387218 8.4270-32 14.0172:63 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 2199 0.03 16 28 38. +39 32 55 oM 4.02 3.7 5.39 4.62 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 2199 0.03 16 28 38. +39 32 55 oM 7.47 4.67 9.8 5.47 Rines et al. (2003) 200/turn 0.3/0.7/None
Abell 2199 0.03 16 28 38. +39 32 55 LOSVD  7.797 ;126 6.0715 10.4774:6 7at34 Lokas et al. (2006) virial 0.3/0.7/0.7
Abell 2199 0.03 16 28 38. +39 32 55 LOSVD 4.0 5.0 5.0 6.0 Kelson et al. (2002) 200 0.3/0.7/0.75
Abell 2199 0.03 16 28 38. 139 32 55 X-ray 8.279-4 107138 - Xu et al. (2001) 200 0.3/0.7/0.5

Continued on neat page
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Table C.1 — Continued

Cluster z RA Dec. Method €200 Mago Cyir Myiy Ref 5 Qm/Qp/h
(1ott M) (10tt M)
Abell 2199 0.03 16 28 38. +39 32 55 X-ray 10.0 - 13.0 - Markevitch ot al. (1999) 200 0.3/0.7/0.50
Zw1665 0.0302 08 23 11. +04 21 21.6 COM 11.38 0.9 14.8 1.03 Rines & Diaferio (2006) 200 0.3/0.7/None
+0.89 +0.62 +1.17 +0.73 . i
Abell 2634 0.031 23 38 25. +27 00 45 Losvp  7.371389 4.057-62 9.677 54T 5.8170-73 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
Abell 2634 0.031 23 38 25. +27 00 45 X-ray 11381217 11887225 15041287 13.6572-97 Babyk et al. (2014) 200 0.27/0.73/0.73
+1.33 +1.04 +1.76 +1.2
11Zw54 0.0311 03 41 17. +15 23 44 X-ray 11.257133 s.81 104 14877178 1018712, Babyk et al. (2014) 200 0.27/0.73/0.73
NGC 6107 0.0311 16 17 20. +34 54 07 oM 6.96 1.46 9.16 1.72 Rines & Diaferio (2006) 200 0.3/0.7/None
ESO 5520200 0.0314 04 54 52. -18 06 56 X-ray 5.8108 108910146 76108 1.303170-187 Gastaldello et al. (2007a) 1250 0.3/0.7/0.7
) +1.02 +0.85 +1.36 +1.01 ) .
AWM 4 0.0317 16 04 57. +23 55 14 X-ray 7.2171-02 6.5570-85 9.6471-36 779739} Babyk et al. (2014) 200 0.27/0.73/0.73
0.6 0.156 0.8 0.196
AWM 4 0.0317 16 04 57. +23 55 14 X-ray 6.875-¢ 1.37410-15¢ 8.9758 1.622F0-19¢ Gastaldello et al. (2007a) 1250 0.3/0.7/0.7
Abell 496 0.0329 04 33 38. -13 15 33 Losvb  3.53104% 3.7575-55 4.7579-63 47378 T Wojtak & Lokas (2010) 102 0.3/0.7/0.7
Abell 496 0.0320 04 33 38. -13 15 33 X-ray 11.2670-8% RN 1488115 10.46171-57 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 496 0.0329 04 33 38. 13 15 33 oM 14.0 3.13 18.1 3.53 Rines et al. (2003) 200/turn 0.3/0.7/None
Abell 496 0.0329 04 33 38. .13 15 33 LOSVD  6.974%9 45193 9.3136.7 53711 Lokas et al. (2006) virial 0.3/0.7/0.7
Abell 496 0.0329 04 33 38. -13 15 33 X-ray 104736 - 1351708 - Xu et al. (2001) 200 0.3/0.7/0.5
Abell 496 0.0329 04 33 38. .13 15 33 X-ray 6.0 - 8.0 - Markevitch et al. (1999) 200 0.3/0.7/0.50
Abell 1314 0.0334 11 34 50. +49 03 28 Losvb  6.52F3 59 2.9370-52 8.5715 43 3.4779:62 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
Abell 1314 0.0334 11 34 50. +49 03 28 oM 10.95 1.91 14.23 2.18 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 2063 0.0337 15 23 01. +08 38 22 LOSVD  12.357 19 5217002 16.027 123 5.927018 Wojtak & Eokas (2010) 102 0.3/0.7/0.7
) +0.38 +1.94 +0.51 +2.3 )

Abell 2063 0.0337 15 23 01. +08 38 22 X-ray 7.3670-38 1037192 9.8270-51 1222723, Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 2063 0.0337 15 23 01. +08 38 22 X-ray 51793 - 6.8754 - Xu et al. (2001) 200 0.3/0.7/0.5
2A 03354096 0.0347 03 38 35. +09 57 55 X-ray 8.18718,83 1477105 0.772%9° 1671754 Voigt & Fabian (2006) 200/2E4 0.3/0.7/0.7
Abell 2052 0.0348 15 16 44. +07 01 07 LOSVD 9.411%-%3 2.481”3'3% 12.26f}1~g2 2.86fg~ig Wojtak & Lokas (2010) 102 0.3/0.7/0.7
Abell 2052 0.0348 15 16 44. +07 01 07 X-ray 10.3371-39 9.1211-28 13.66f}‘§‘é 10.5471-85 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 2052 0.0348 15 16 44. 407 01 07 X-ray 9.779-7 - 12,6709 - Xu et al. (2001) 200 0.3/0.7/0.5
Abell 1142 0.035 11 00 48. 410 33 35 LOSVD  6.9729 1.92 91123 2.26 Abdullah et al. (2011) virial 0.3/0.7/None
Abell 1142 0.035 11 00 48. +10 33 35 oM 28.44 3.09 36.47 3.39 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 2147 0.035 16 02 18. +16 01 12 X-ray 10.4675-51 10.9371-37 13837302 12.627197 Babyk et al. (2014) 200 0.27/0.73/0.73
ESO 3060170 0.0358 05 40 06. -40 50 12 X-ray 6.7708 154270397 s.8t10 1.8279-487 Gastaldello et al. (2007a) 2500 0.3/0.7/0.7
RGH89 080 0.0379 13 20 24. +33 12 17 X-ray 7.6797 0.24176-012 9.979-9 0.28276-016 Gastaldello et al. (2007a) 500 0.3/0.7/0.7
MKW 9 0.0382 15 32 29. +04 40 54 X-ray 5.4176-07 12763 7.1476-86 1.4470:38 Pointecouteau et al. (2005) 200 0.3/0.7/0.7

Continued on neat page
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Cluster z RA Dec. Method €200 Mago Cyir Myiy Ref. 5 Qm/Qp/h
(1ott M) (10tt M)
MKW 9 0.0382 15 32 29.3 +04 40 54 X-ray 54107 1.2 71109 1.44 Pratt & Arnaud (2005) 200 0.3/0.7/0.7
Abell 3571 0.039 13 47 28.4 -32 50 59 Losvb 8051146 9.26171-93 1052759 10777149 Wojtak & ELokas (2010) 102 0.3/0.7/0.7
Abell 3571 0.039 13 47 28.4 -32 50 59 X-ray 8.9275:98 30.4175-72 11821262 35.497%-38 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 3571 0.039 13 47 28.4 32 50 59 X-ray 4.970-2 - 6.5753 - Xu et al. (2001) 200 0.3/0.7/0.5
Abell 1139 0.0398 10 58 04.3 +01 29 56 LosvDb 2571337 1197038 3.4010-5 1567024 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
Abell 2657 0.04 23 44 51.0 +09 08 40 X-ray 5.4010-83 9.8912-17 7.381112 12.0572-62 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 576 0.04 07 21 24.1 +55 44 20 LOsvD  3.5270-51 6.a7T19% 4727082 8151130 Wojtak & Eokas (2010) 102 0.3/0.7/0.7
Abell 576 0.04 07 21 24.1 +55 44 20 X-ray 4.2810-83 21.1112:19 5.8171-12 26.41727 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 576 0.04 07 21 24.1 +55 44 20 oM 10.9 9.51 14.1 10.85 Rines et al. (2003) 200/turn 0.3/0.7/None
Abell 2589 0.041 23 23 53.5 +16 48 32 oM 6.34 0.99 8.32 1.17 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 2589 0.041 23 23 53.5 +16 48 32 X-ray 490724 - 6.573] - Buote & Lewis (2004) 200 0.3/0.7/0.7
Abell 2589 0.041 23 23 53.5 +16 48 32 X-ray 6.2710-75 10.057 127 8.301 L0 12.087133 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 2107 0.0411 15 39 38.4 +21 47 20 Losvp 1187161 2.4279-55 15361208 2.7579-93 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
Abell 2593 0.0415 23 24 20.2 +14 39 04 LosvD 2501029 1577628 3.5279-9¢ 2.0779-37 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
Abell 2593 0.0415 23 24 20.2 +14 39 04 oM 11.64 3.44 15.07 3.91 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 295 0.0424 02 02 19.9 01 07 13 oM 1.38 0.27 1.94 0.39 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 160 0.0432 0112 51.4 +15 30 54 oM 10.14 0.91 13.16 1.04 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 1983 0.0442 14 52 44.0 +16 44 46 LosvD  3.547$:59 1197028 4.7470-93 151038 Wojtak & ELokas (2010) 102 0.3/0.7/0.7
Abell 1983 0.0442 14 52 44.0 +16 44 46 X-ray 3.8379-71 1501062 511991 1.9710:82 Pointecouteau et al. (2005) 200 0.3/0.7/0.7
Abell 119 0.0446 00 56 18.3 -01 13 00 Losvb  3.470:58 3.9718-37 4.5679-78 5.0278-73 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
+0.25 +4.16 +0.34 +5.22
Abell 119 0.0446 00 56 18.3 -01 13 00 X-ray 4127928 24.067319 5.597034 30.27522 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 119 0.0446 00 56 18.3 -01 13 00 oM 6.29 4.07 8.25 4.81 Rines et al. (2003) 200/turn 0.3/0.7/None
Abell 119 0.0446 00 56 18.3 -01 13 00 oM 2.55 2.36 3.45 3.06 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 119 0.0446 00 56 18.3 01 13 00 X-ray 3.379-2 - 44102 - Xu et al. (2001) 200 0.3/0.7/0.5
+1.01 +3.72 +1.34 +4.4
Abell 3376 0.045 06 01 45.7 -39 59 34 X-ray 7.3871:0% 26.6117572 9.8171:31 315734, Babyk et al. (2014) 200 0.27/0.73/0.73
MKW 38 0.045 15 21 51.9 +07 42 31 X-ray 11.37172:18 12.02712:47 14.9612:87 13.78172:83 Babyk et al. (2014) 200 0.27/0.73/0.73
2073 ~3.19 ~3.59 ~3.66
MKW 35 0.045 15 21 51.9 +07 42 31 X-ray 6.4797 - 8.4799 - Xu et al. (2001) 200 0.3/0.7/0.5
Abell 168 0.0451 01 15 12.0 +00 19 48 LosvD 56720 2.58 7.412:6 3.08 Abdullah et al. (2011) virial 0.3/0.7/None
. ) +0.26 +2.03 +0.35 +2.4 ) L

Abell 168 0.0451 01 15 12.0 +00 19 48 X-ray 7.3770-26 6.7472:93 9.810-35 708724, Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 168 0.0451 01 15 12.0 +00 19 48 oM 5.19 4.3 6.84 5.17 Rines et al. (2003) 200/turn 0.3/0.7/None
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(1ott M) (10tt M)
Abell 168 0.0451 01 15 12.0 400 19 48 oM 7.69 2.24 10.03 2.61 Rines & Diaferio (2006) 200 0.3/0.7/None
MS 0116.3-0115 0.0452 01 18 53.6 -01 00 07 X-ray 48114 1.05510-314 6.3118 1.283+0-671 Gastaldello et al. (2007a) 1250 0.3/0.7/0.7
+1.33 +0.47 +1.73 +0.54 . i

Abell 957 0.0455 10 13 40.3 -00 54 52 LosvD  9.911238 3.1+0-47 12851578 3.5670-34 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
Abell 957 0.0455 10 13 40.3 -00 54 52 oM 8.13 2.79 10.6 3.25 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 1736 0.046 13 26 54.0 -27 11 00 X-ray 16277418 ERERE R 21267344 9.1271-29 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 1644 0.047 12 57 09.7 -17 24 01 X-ray 15357389 1467197 20.0773-92 16.4771-55 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 4059 0.0478 23 57 02.3 -34 45 38 LosvD 26793 3.3710-98 3.5270-97 4411052 Wojtak & Eokas (2010) 102 0.3/0.7/0.7
Abell 4059 0.0478 23 57 02.3 34 45 38 X-ray 9.3672:02 10.72+9-92 12361267 12457107 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 4059 0.0478 23 57 02.3 34 45 38 X-ray 4.870-2 - 6.3793 - Xu et al. (2001) 200 0.3/0.7/0.5
Abell 3558 0.048 13 27 57.5 -31 30 09 X-ray 8.377878 21.2775:37 11.0871-93 24.9175-83 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 3558 0.048 13 27 57.5 -31 30 09 LosvD 19719 9.079% 27753 125753 Lokas et al. (2006) virial 0.3/0.7/0.7
Abell 3558 0.048 13 27 57.5 -31 30 09 X-ray 40782 - 5.310-3 - Xu et al. (2001) 200 0.3/0.7/0.5
Abell 376 0.0484 02 45 48.5 +36 51 36 LOSVD 6201244 4671332 .25 589 5.537558 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
SHK 352 0.0484 11 21 40.3 +02 53 33 oM 6.83 4.09 8.94 4.82 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 2717 0.049 00 03 12.1 -35 55 38 X-ray 6.127084 12.047232 g7 142 15567253 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 2717 0.049 00 03 12.1 -35 55 38 X-ray 46703 1517999 6.0794 1.84270-122 Gastaldello et al. (2007a) 500 0.3/0.7/0.7
Abell 2717 0.049 00 03 12.1 -35 55 38 X-ray 4217625 1577019 5.5810-52 1.9270-23 Pointecouteau et al. (2005) 200 0.3/0.7/0.7
Abell 2717 0.049 00 03 12.1 -35 55 38 X-ray 42703 1.57 5.6t8'i 1.92 Pratt & Arnaud (2005) 200 0.3/0.7/0.7
Abell 3562 0.0499 13 33 36.3 -31 39 40 X-ray 8.2676-25 14.05+1-9¢ 10.93+0-38 16.46177-83 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 3562 0.0499 13 33 36.3 31 39 40 X-ray 54758 - 71719 - Xu et al. (2001) 200 0.3/0.7/0.5
Abell 3395 0.05 06 27 14.4 -54 28 12 X-ray 3.7479:35 33.671427 5.0870-48 4277532 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 671 0.0503 08 28 29.3 +30 25 01 LosvD 179733 5.32 23.077:0 5.93 Abdullah et al. (2011) virial 0.3/0.7/None
Abell 671 0.0503 08 28 29.3 +30 25 01 LOSVD 11857 1% 4.8510-88 1531136 5517000 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
Abell 671 0.0503 08 28 29.3 +30 25 01 oM 12.1 4.01 15.61 4.54 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 1291A 0.0508 1132 19.6 +55 58 44.0 CM 4.96 1.09 6.55 1.32 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 3391 0.051 06 26 22.8 -53 41 44 X-ray 9.26T1 22 18.0171-28 1222715 21.977145 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 757 0.0514 09 12 47.3 +47 42 38 oM 2.96 0.54 3.98 0.69 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 1377 0.0515 11 46 57.9 +55 44 20 LosvD  0.9734 0.81 13108 1.3 Abdullah et al. (2011) virial 0.3/0.7/None
Abell 1377 0.0515 11 46 57.9 +55 44 20 oM 2.33 1.16 3.17 1.54 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 117 0.0535 00 56 00.9 -10 01 46 Losvp 77151 2.78 10.0749 3.23 Abdullah et al. (2011) virial 0.3/0.7/None
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Table C.1 — Continued

Cluster z RA Dec. Method €200 Mago Cyir Myiy Ref 5 Qm/Qp/h
(1ott M) (10tt M)
Hydra A 0.0538 09 18 05. 412 05 44 WL 3.327217 3.6572:17 4527295 4.6672:77 Okabe et al. (2015) virial 0.27/0.73/0.70
0.18 0.41 0.23 0.47 )
Hydra A 0.0538 09 18 05. -12 05 44 X-ray 1231918 1027547 15.9179-2% 1151097 David et al. (2001) 200 0.3/0.7/0.7
4.12 477 5.26 5.39 -
Abell 754 0.054 09 09 08. -09 39 58 WL 3.747%12 3.314 77 4.9713-20 4.0973-39 Okabe & Umetsu (2008) virial 0.3/0.7/0.7
+0.27 +3.71 +0.39 +5.83
Abell 754 0.054 09 09 08. -09 39 58 X-ray 1.0278-27 1037372 1.497839 63.377583 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 978 0.0544 10 20 28. -06 31 11 Losvb  4.2579-8¢ 4.2373-99 5.6371 03 5197332 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
RXCJ1022.0+3830 0.0546 10 22 04. +38 30 43 oM 5.45 1.41 7.16 1.69 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 3667 0.055 20 12 30. -56 49 55 X-ray 9.361125 26.841298 12.3311-63 31.1312-88 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 85 0.0557 00 41 50. -09 18 07 Losvp  3.1210-56 9.5071-38 4187070 12297176 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
Abell 85 0.0557 00 41 50. -09 18 07 X-ray 3.5570-28 25.6872-89 4.8219-35 32.7376-23 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 85 0.0557 00 41 50. -09 18 07 oM 4.5 3.36 5.93 4.08 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 85 0.0557 00 41 50. -09 18 07 X-ray 75708 - 9.8708 - Xu et al. (2001) 200 0.3/0.7/0.5
Sersic 159 03 0.0564 23 13 58. -42 44 02 X-ray 6.167312 2.317-9 s.0574:34 2.7110.0 Voigt & Fabian (2006) 200/2E4 0.3/0.7/0.7
Abell 2319 0.0564 19 21 08. +43 57 30 X-ray 1.2879-27 46.073-57 1.8370:39 68.86176-84 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 2319 0.0564 19 21 08. 443 57 30 X-ray 58702 - 76753 - Xu et al. (2001) 200 0.3/0.7/0.5
Abell 133 0.0569 01 02 42. -21 52 25 LosvD 8561518 1.8873-2¢ 11001127 5.6411-46 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
. +0.25 . ., +3.55 +0.33 +4.16 20
Abell 133 0.0569 01 02 42. 21 52 25 X-ray s.11F0-28 16347355 10717533 19157416 Babyk et al. (2014) 200 0.27/0.73/0.73
0.42 0.59 0.53 0.77 -
Abell 133 0.0569 01 02 42. -21 52 25 X-ray 4777842 4411059 6.2810-53 5.33170-77 Vikhlinin et al. (2006) 500 0.3/0.7/0.71
0.37 5.37 0.53 8.2
Abell 2256 0.058 17 03 43. +78 43 03 X-ray 1.16+3-37 a7.78%5-37 1671053 72,0382 Babyk ot al. (2014) 200 0.27/0.73/0.73
+1.5 +0.75 +1.97 +0.89 . i
Abell 2415 0.0581 22 05 40. -05 35 36 LOsVD 55715, 3.0478-75 7.227 597 3.6375-89 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
Abell 2399 0.0582 21 57 25. 07 47 41 oM 7.12 1.43 9.28 1.68 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 2169 0.0585 16 14 09. +49 09 11 oM 3.79 1.14 5.04 1.42 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 1991 0.0586 14 54 31. +18 38 31 X-ray 5.7810.35 1.6310-18 7.5610:45 1.9410-22 Pointecouteau et al. (2005) 200 0.3/0.7/0.7
~0.35 ~0.18 ~0.45 20.22
Abell 1991 0.0586 14 54 31. +18 38 31 X-ray 5.71”5% 1.63 75105 1.94 Pratt & Arnaud (2005) 200 0.3/0.7/0.7
0.46 0.24 0.58 0.3 I
Abell 1991 0.0586 14 54 31. +18 38 31 X-ray 6.419-40 1651024 8.3570-58 1.94793 Vikhlinin et al. (2006) 500 0.3/0.7/0.71
Abell 3266 0.0594 04 31 24. 61 26 38 X-ray 8.36170:83 33.2514-16 11,0311 38.8614-86 Babyk et al. (2014) 200 0.27/0.73/0.73
—0.81 327 ~1.07 382
Abell 3266 0.0594 04 31 24. 61 26 38 X-ray 3.9702 - 52793 - Xu et al. (2001) 200 0.3/0.7/0.5
Abell 3158 0.0597 03 42 53. .53 38 07 Losvb  s.71F397 11124 11281339 12.817243 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
Abell 3158 0.0597 03 42 53. -53 38 07 X-ray 210108 25.81317 3.041113 3511531 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 3158 0.0597 03 42 53. 53 38 07 Losvb 257957 114757 35775 15.477-6 Lokas et al. (2006) virial 0.3/0.7/0.7
Abell 602 0.0606 07 53 24. +29 21 58 cMm 10.12 6.41 13.06 7.33 Rines & Diaferio (2006) 200 0.3/0.7/None
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Table C.1 — Continued

Cluster z RA Dec. Method €200 Mago Cyir Myiy Ref 5 Qm/Qp/h
(1ott M) (10tt M)
Abell 3809 0.0623 21 46 57.8 -43 54 36 LOSVD 25679 5% 1711045 3.4510-73 2.2310-58 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
Abell 2734 0.0625 00 11 20.7 -28 51 18 Losvb 266791, 3.96170-2, 3.58T0-12 5.1410-38 Wojtak & ELokas (2010) 102 0.3/0.7/0.7
RXCJ1351.74+4622 0.063 13 51 45.6 +46 22 00 oM 2.8 0.73 3.76 0.94 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 1795 0.063 13 48 53.0 +26 35 44 Losvp  7.971398 6.8773-97 10331228 7.9671-22 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
Abell 1795 0.063 13 48 53.0 +26 35 44 X-ray 4.6179-55% 19347218 6.1907972 23.8772:59 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 1795 0.063 13 48 53.0 +26 35 44 X-ray 4457088 7.4812-32 5.86 17099 9.0713-03 Schmidt & Allen (2007) virial 0.3/0.7/0.7
Abell 1795 0.063 13 48 53.0 +26 35 44 X-ray 4287223 g.0+34:5 5.6472:34 1087744 Voigt & Fabian (2006) 200/2BE4 0.3/0.7/0.7
. ) +0.26 +0.79 +0.33 +1.01 g
Abell 1795 0.063 13 48 53.0 +26 35 44 X-ray 4.8210-20 8.3870-79 6.3270-33 1017191 Vikhlinin et al. (2006) 500 0.3/0.7/0.71
Abell 1795 0.063 13 48 53.0 +26 35 44 X-ray 76793 - 9.975-4 - Xu et al. (2001) 200 0.3/0.7/0.5
+0.39 +0.018 +0.52 +0.023 . .
RXC J0216.7-4749 0.0635 02 16 42.3 47 49 24 X-ray 3.4579-39 0.19676-018 4.5979-52 0.24678-023 Démocles et al. (2010) 500 0.3/0.7/0.7
Abell 1436 0.0648 12 00 22.0 +56 13 49 LosvD 42709 3.65 55112 4.46 Abdullah et al. (2011) virial 0.3/0.7/None
Abell 1436 0.0648 12 00 22.0 +56 13 49 oM 1.99 1.11 2.71 1.5 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 2124 0.065 15 45 00.0 +36 03 58 X-ray 11361284 13127137 14851371 15.071-57 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 2124 0.065 15 45 00.0 +36 03 58 oM 10.93 8.29 14.05 9.42 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 2149 0.0653 16 01 38.1 +53 52 43 oM 1.09 0.19 1.54 0.29 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 1066 0.0684 10 39 27.9 +05 10 46 LOSVD 85729 4.96 110759 5.72 Abdullah et al. (2011) virial 0.3/0.7/None
Abell 1066 0.0684 10 39 27.9 405 10 46 oM 11.13 6.27 14.3 7.12 Rines & Diaferio (2006) 200 0.3/0.7/None
RXCJ1115.545426 0.0701 11 15 32.8 +54 26 06 oM 6.73 3.91 8.75 1.6 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 644 0.0704 08 17 24.5 -07 30 46 X-ray 2.1079-25 32.5573-51 3.0376-35 44.137%-76 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 644 0.0704 08 17 24.5 -07 30 46 X-ray 4.670-9 7.0 6.0t1-2 8.0 Buote et al. (2005) virial 0.3/0.7/0.7
Abell 644 0.0704 08 17 24.5 -07 30 46 X-ray 4.670-2 - 6.0153 - Xu et al. (2001) 200 0.3/0.7/0.5
Abell 1767 0.0714 13 36 06.1 +59 12 28 Losvbp  3.771] 6.48 40714 8.02 Abdullah et al. (2011) virial 0.3/0.7/None
Abell 1767 0.0714 13 36 06.1 +59 12 28 LOSVD  4.057¢ 13 9.5211 13 5.3419-2, 11.71t38 Wojtak & Eokas (2010) 102 0.3/0.7/0.7
Abell 1767 0.0714 13 36 06.1 +59 12 28 oM 6.12 7.27 7.97 8.62 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 1691 0.072 13 11 23.2 +39 12 05 Losvb 2651997 4077328 3.5670-2, 5.27171-86 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
+0.37 +3.94 +0.51 +5.35
Abell 399 0.072 02 57 56.4 +13 00 59 X-ray 2.1578-37 7.913-94 2.9778-5% 51.573-35 Babyk et al. (2014) 200 0.27/0.73/0.73
RXJ1053.7+5450 0.0727 10 53 43.9 +54 52 20 oM 8.49 4.57 10.96 5.28 Rines & Diaferio (2006) 200 0.3/0.7/None
0.72 2.47 0.94 2.8
Abell 2462 0.073 22 39 16.4 -17 19 46 X-ray 13.2370-72 20.7312-97 17.219-92 23.4712:8, Babyk et al. (2014) 200 0.27/0.73/0.73
0.64 5.82 0.88 7.79

Abell 2065 0.073 15 22 42.6 +27 43 21 X-ray 2.3870-94 39.4315-82 3.277088 52.76 7779 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 1238 0.0733 11 22 58.0 401 05 32 Losvb 38722 1.35 5.0728 1.66 Abdullah et al. (2011) virial 0.3/0.7/None
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Abell 2067 0.0737 15 23 07.9 +30 50 42 oM 18.24 0.51 23.22 0.57 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 2064 0.0738 15 20 59.4 +48 38 17 oM 6.67 2.6 8.66 3.06 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 1569 0.074 12 36 18.7 +16 35 30 X-ray 10371267 14.3511-34 18541262 16.4871-52 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 401 0.0748 02 58 57.5 +13 34 46 X-ray 3.19010:38 37.9714.16 4.32710.51 48.7915:35 Babyk et al. (2014) 200 0.27/0.73/0.73
~0.33 281 ~0.45 361
Abell 401 0.0748 02 58 57.5 +13 34 46 X-ray 4.270-8 - 55704 - Xu et al. (2001) 200 0.3/0.7/0.5
Abell 3112 0.075 03 17 58.5 -44 14 20 X-ray 9.36170-73 18.8475-14 12.2579-96 21781383 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 3112 0.075 03 17 58.5 -44 14 20 X-ray 7.0613552 2.91135 9.1412:82 3.4126:4 Voigt & Fabian (2006) 200/2E4 0.3/0.7/0.7
Abell 1424 0.0754 11 57 28.7 405 03 46 Losvb  s5.4t19 2.32 70724 2.76 Abdullah et al. (2011) virial 0.3/0.7/None
Abell 1424 0.0754 11 57 28.7 +05 03 46 oM 5.92 4.21 7.71 5.0 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 1190 0.0755 11 11 38.5 +40 50 33 LOSVD  2.9379-24 3.4970-45 11989 4.4679-38 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
Abell 1190 0.0755 11 11 38.5 +40 50 33 oM 6.08 3.29 7.91 3.9 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 1205 0.0756 11 13 20.7 +02 31 56 Losvp 125753 3.33 16.078-0 3.76 Abdullah et al. (2011) virial 0.3/0.7/None
Abell 1205 0.0756 11 13 20.7 +02 31 56 oM 2.05 3.66 2.78 4.91 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 1173 0.076 11 09 18.8 +41 33 45 oM 5.9 1.19 7.68 1.41 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 2670 0.0761 23 54 13.7 -10 25 08 Losvb 141732 6.79 18.0749 7.63 Abdullah et al. (2011) virial 0.3/0.7/None
Abell 2670 0.0761 23 54 13.7 -10 25 08 Losvb 11627392 7.2570-95 1488153 8.277-9% Wojtak & Lokas (2010) 102 0.3/0.7/0.7
Abell 2670 0.0761 23 54 13.7 -10 25 08 X-ray 5.331100 16.6271-23 7.08+197 20.1511-52 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 2670 0.0761 23 54 13.7 -10 25 08 oM 3.35 2.03 4.45 2.56 Rines & Diaferio (2006) 200 0.3/0.7/None
RXCJ1210.3+0523 0.0764 12 10 19.9 +05 22 25 oM 3.96 0.84 5.22 1.04 Rines & Diaferio (2006) 200 0.3/0.7/None
+0.41 +3.71 +0.54 +4.39
Abell 2029 0.0767 15 10 55.0 +05 43 12 X-ray 6.9975-43 33.4313 70 9.2178-51 39.527439 Babyk et al. (2014) 200 0.27/0.73/0.73
0.34 0.77 0.42 0.94 . .
Abell 2029 0.0767 15 10 55.0 +05 43 12 X-ray 6.6475-32 7.6670-77 8.619-42 8.9775-9% Schmidt & Allen (2007) virial 0.3/0.7/0.7
Abell 2029 0.0767 15 10 55.0 +05 43 12 X-ray 4.3871-8% 20.075%-0 5.741208 24.0772-0 Voigt & Fabian (2006) 200/2E4 0.3/0.7/0.7
Abell 2029 0.0767 15 10 55.0 405 43 12 X-ray 6.070-3 10817108 7.810-38 12.7671-53 Vikhlinin et al. (2006) 500 0.3/0.7/0.71
Abell 2029 0.0767 15 10 55.0 +05 43 12 X-ray 44709 12,0120 58711 15.075-0 Lewis et al. (2003) 200 0.3/0.7/0.7
Abell 2029 0.0767 15 10 55.0 105 43 12 X-ray 8.41:6 - 108738 - Xu et al. (2001) 200 0.3/0.7/0.5
ZwCl 1215.140400 0.0772 12 17 40.6 +03 39 45 X-ray 5.6279-42 33.7117%17 7.4578-38 40.6573:93 Babyk et al. (2014) 200 0.27/0.73/0.73
ZwCl 1215.140400 0.0772 12 17 40.6 403 39 45 oM 6.78 2.54 8.79 2.98 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 1773 0.0782 13 42 05.5 +02 13 39 LOsvD  3.89T]-18 5.07T0 23 5121158 6.2511-39 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
Abell 1773 0.0782 13 42 05.5 +02 13 39 oM 9.83 2.61 12.63 2.98 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 2061 0.0783 15 21 17.0 430 38 24 LosvD 93724 4.78 12,0759 5.48 Abdullah et al. (2011) virial 0.3/0.7/None
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Abell 2061 0.0783 15 21 17.0 +30 38 24 oM 6.35 6.41 8.24 7.56 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 1809 0.079 13 53 06.4 +05 08 59 LOSVD  4.6713% 2.88 6.019 3.47 Abdullah et al. (2011) virial 0.3/0.7/None
Abell 1809 0.079 13 53 06.4 405 08 59 LosvD  6.9572:73 4.2210.77 8.0910:95 4.93170-9 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
—2.42 ~0.55 ~3.13 20.64
Abell 1809 0.079 13 53 06.4 +05 08 59 oM 2.9 2.13 3.87 2.73 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 1035B 0.0801 10 32 14.16  +40 14 49.2 CM 4.53 2.86 5.94 3.48 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 2255 0.0801 17 12 31.0 +64 05 33 LOSVD  16.5715% 9.06 21,0139 10.1 Abdullah et al. (2011) virial 0.3/0.7/None
Abell 2255 0.0801 17 12 31.0 +64 05 33 oM 5.96 8.24 7.75 9.77 Rines & Diaferio (2006) 200 0.3/0.7/None
RXJ1159.8+5531 0.081 11 59 51.4 +55 32 01 X-ray 83721 0.78976-451 106727 0.90076-536 Gastaldello et al. (2007a) 500 0.3/0.7/0.7
RXJ1159.845531 0.081 11 59 51.4 +55 32 01 X-ray 2.6378-43 - 3.5170-55 - Vikhlinin et al. (2006) 500 0.3/0.7/0.71
Abell 1651 0.0825 12 59 21.5 ~04 11 41 X-ray 4.2010.74 19.4872:45 5.7310.99 24.12713:03 Babyk et al. (2014) 200 0.27/0.73/0.73
Zo0.71 217 ~0.95 269
Abell 1651 0.0825 12 59 21.5 -04 11 41 X-ray 4.970-2 - 6.41703 - Xu et al. (2001) 200 0.3/0.7/0.5
RXJ1326.2+0013 0.0827 13 26 17.6 400 13 17 oM 2.98 0.89 3.97 1.13 Rines & Diaferio (2006) 200 0.3/0.7/None
MS 1306 0.0832 13 09 16.99  -01 36 45.0 oM 3.25 0.71 4.31 0.9 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 2428 0.0836 22 16 15.5 -09 20 24 oM 3.07 1.56 1.08 1.98 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 1663 0.0837 13 02 50.7 -02 30 22 Losvb 141798 3.7 18.0712-0 4.15 Abdullah et al. (2011) virial 0.3/0.7/None
Abell 1663 0.0837 13 02 50.7 02 30 22 oM 4.06 5.07 5.34 6.24 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 1459 0.0839 12 04 15.7 +02 30 18 LosvD 2617358 1.53 33.0170 1.67 Abdullah et al. (2011) virial 0.3/0.7/None
Abell 1650 0.0843 12 58 41.1 -01 45 25 LosvD 2127823 5.9811-08 2.8779-34 7.0071-44 Wojtak & Eokas (2010) 102 0.3/0.7/0.7
Abell 1650 0.0843 12 58 41.1 01 45 25 X-ray 2.0376-35 39.4473-74 281048 53.8475 11 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 1650 0.0843 12 58 41.1 01 45 25 oM 2.3 1.56 3.09 2.05 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 2597 0.0852 23 25 20.0 -12 07 38 X-ray .28 127 10761127 10831788 12.5371-98 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 2597 0.0852 23 25 20.0 -12 07 38 X-ray 5.86703 3.010-5% 7.5970-93 3.547042 Pointecouteau et al. (2005) 200 0.3/0.7/0.7
Abell 2597 0.0852 23 25 20.0 -12 07 38 X-ray 6.710¢ - 8.7t08 - Xu et al. (2001) 200 0.3/0.7/0.5
2.71 2.68 3.42 2.97 .
Abell 1750N 0.0856 13 30 49.9 01 52 22 WL 3.9772 71 3.3072-08 5217542 4.1472:97 Okabe & Umetsu (2008) virial 0.3/0.7/0.7
3.87 2.13 4.89 2.33 .
Abell 1750C 0.0856 13 30 49.9 01 52 22 WL 4.2273-87 2.2173-13 5.5274-89 2.6972-33 Okabe & Umetsu (2008) virial 0.3/0.7/0.7
Abell 1750 0.0856 13 30 49.9 -01 52 22 oM 2.96 2.7 3.94 3.44 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 1552 0.0861 12 29 50.0 +11 44 26 oM 2.42 2.39 3.24 3.12 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 2249 0.0863 17 09 48.8 +34 26 26 oM 10.9 8.61 13.94 9.76 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 2245 0.0868 17 02 31.9 +33 30 47 oM 11.31 7.9 14.45 8.93 Rines & Diaferio (2006) 200 0.3/0.7/None
1.25 4.52 1.67 5.7 -
Abell 478 0.088 04 13 25.6 +10 28 01 WL 3.473-25 13.0673-52 4.5671-87 1648757, Okabe et al. (2015) virial 0.27/0.73/0.70
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0.51 2.62 0.68 3.22
Abell 478 0.088 04 13 25. +10 28 01 X-ray 4517850 23.3512:62 6.0110-58 28.7213-22 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 478 0.088 04 13 25. +10 28 01 X-ray 3.9210-38 131723 5137048 16.075-9 Schmidt & Allen (2007) virial 0.3/0.7/0.7
Abell 478 0.088 04 13 25. 410 28 01 X-ray 2.8872:92 34.0758 3.8172-5¢ 43.0755 Voigt & Fabian (2006) 200/2E4 0.3/0.7/0.7
Abell 478 0.088 04 13 25. +10 28 01 X-ray 4.2270-59 108718 5.5270-49 131723 Pointecouteau et al. (2005) 200 0.3/0.7/0.7
Abell 478 0.088 04 13 25. +10 28 01 X-ray 5.3370-39 10537151 6.9275-49 12517188 Vikhlinin et al. (2006) 500 0.3/0.7/0.71
Abell 478 0.088 04 13 25. +10 28 01 X-ray 42704 11.0 55108 13.0 Pointecouteau et al. (2004) 200 0.3/0.7/0.7
Abell 478 0.088 04 13 25. +10 28 01 X-ray 3.6710-32 18.413-8 4.8270-39 22,6152 Allen et al. (2003) 200 0.3/0.7/0.5
Abell 478 0.088 04 13 25. 410 28 01 X-ray 6.7794 - 8.670:5 - Xu et al. (2001) 200 0.3/0.7/0.5
Abell 1885 0.0882 14 13 43. +43 39 48 oM 4.67 6.13 6.1 7.42 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 1728 0.0899 13 23 30. +11 17 46 oM 4.59 3.96 6.0 4.8 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 2142 0.0903 15 58 20. +27 13 37 Losvb 337190 7.77 44718 9.69 Abdullah et al. (2011) virial 0.3/0.7/None
Abell 2142 0.0903 15 58 20. +27 13 37 LOSVD 224703 12.32+1-78 3.0079-41 16207332 Wojtak & Eokas (2010) 102 0.3/0.7/0.7

0.69 2.59 0.9 3.14 .
Abell 2142 0.0903 15 58 20. +27 13 37 WL 4.2019-09 12.6272-59 56799 15207312 Umetsu et al. (2009) virial 0.3/0.7/0.7
Abell 2142 0.0903 15 58 20. +27 13 37 WL 3.277135 13.661787 432717 1707749 Okabe & Umetsu (2008) virial 0.3/0.7/0.7
Abell 2142 0.0903 15 58 20. +27 13 37 X-ray 5.2779-83 20.8772:47 6.97710, 36.1472:99 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 2142 0.0903 15 58 20. +27 13 37 oM 1.97 4.56 2.66 6.13 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 2700 0.092 00 03 50. +02 03 48 X-ray 8.061152 197023 10357193 2.1970-27 Ettori et al. (2011) 200 0.3/0.7/0.7
Abell 971 0.0923 10 19 46. +40 57 55 oM 10.49 4.57 13.4 5.19 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 954 0.0928 10 13 44. -00 06 31 Losvb  4.03t129 4.3273-32 5.2871-57 5.2871-6% Wojtak & Lokas (2010) 102 0.3/0.7/0.7
Abell 954 0.0928 10 13 44. -00 06 31 oM 0.58 0.84 0.85 1.44 Rines & Diaferio (2006) 200 0.3/0.7/None

0.73 2.15 0.97 2.6
Abell 3921 0.093 22 49 57. -64 25 46 X-ray 5.277873 20.617215 971057 35.8112:6 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 2175 0.0961 16 20 22. +29 54 54 LosvD 2137934 5.0371-25 2877045 6.6911-55 Wojtak & Lokas (2010) 102 0.3/0.7/0.7
Abell 2175 0.0961 16 20 22. +29 54 54 oM 0.64 1.34 0.93 2.23 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 3911 0.097 22 46 18. 52 43 46 X-ray 5.5071-33 3.8870-% 7.2471-72 4.6179-59 Ettori et al. (2011) 200 0.3/0.7/0.7
Abell 2110 0.0971 15 39 48. +30 43 02 oM 4.69 2.14 6.11 2.59 Rines & Diaferio (2006) 200 0.3/0.7/None
Abell 2048 0.0972 15 15 17. +04 22 56 LOSVD 1.072%-9 5.02 9.0728-0 5.45 Abdullah et al. (2011) virial 0.3/0.7/None
Abell 3827 0.098 22 01 56. -59 56 58 X-ray 4.4770-87 6.617573 5.8370-87 8.0270-89 Ettori et al. (2011) 200 0.3/0.7/0.7
Abell 3827 0.098 22 01 56. -59 56 58 X-ray 4.4570-07 78.915-28 5.9119-89 96.98 1597 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 2244 0.0997 17 02 42. +34 03 43 X-ray 2.4370:84 36.5273-19 3.311-14 48317418 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 2244 0.0997 17 02 42. +34 03 43 oM 3.83 4.36 5.02 5.38 Rines & Diaferio (2006) 200 0.3/0.7/None
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PKS0745-191 0.103 07 47 31.3 -19 17 40 X-ray 6.4510-73 33.521317 8.4510-96 39.71+376 Babyk et al. (2014) 200 0.27/0.73/0.73
PKS0745-191 0.103 07 47 31.3 -19 17 40 X-ray 5.861150 1.2+ 5T 7551198 13.8975-85 Schmidt & Allen (2007) virial 0.3/0.7/0.7
PKS0745-191 0.103 07 47 31.3 -19 17 40 X-ray 5.4675-22 9.7152:2 7.0574-02 1107679 Voigt & Fabian (2006) 200/2E4 0.3/0.7/0.7
PKS0745-191 0.103 07 47 31.3 -19 17 40 X-ray 512794 100712 6.62793 119713 Pointecouteau et al. (2005) 200 0.3/0.7/0.7
PKS0745-191 0.103 07 47 31.3 -19 17 40 X-ray 3.8370-52 18.6755 01888 22,7732 Allen et al. (2003) 200 0.3/0.7/0.5
Abell 1446 0.104 12 01 51.5 +58 01 18 X-ray 9.16170-57 12.6671:3¢ 11.8979-87 14.5971-2% Babyk et al. (2014) 200 0.27/0.73/0.73
RXCJ0049.4-2931 0.108 00 49 24.0 -29 31 28 X-ray 12771380 0.9410-18 16.17158% 1051018 Ettori et al. (2011) 200 0.3/0.7/0.7
ZwCl10740.4+1740 0.1114 07 43 23.16  +17 33 40.0 WL 18715 70744 2.471-9 9.5771 Sereno et al. (2014) 200 0.3/0.7/0.7
ZwCl0740.4+1740 0.1114 07 43 23.16  +17 33 40.0 WL 2.0071-89 4.3671-98 2.8572:03 5.807538 Okabe et al. (2010) virial 0.27/0.73/0.72
+0.81 +2.17 +1.07 +2.81 )
Abell 2034 0.113 15 10 11.7 +33 30 53 X-ray 2.4678-8% 17647217 3.267507 22.8272-81 Ettori et al. (2011) 200 0.3/0.7/0.7
Abell 2034 0.113 15 10 11.7 +33 30 53 WL 2.847779 8.09735-33 3.7472:28 10247839 Okabe & Umetsu (2008) virial 0.3/0.7/0.7
Abell 2034 0.113 15 10 11.7 +33 30 53 X-ray 2.4610-59 19.98732-52 3.3310-8 26.28 1334 Babyk et al. (2014) 200 0.27/0.73/0.73
0.49 0.42 0.65 0.54 )
Abell 2051 0.115 15 16 34.0 -00 56 56 X-ray 2.7570-49 4737842 3.6370-05 6.0379-54 Ettori et al. (2011) 200 0.3/0.7/0.7
Abell 1361 0.117 11 43 45.1 +46 21 21 X-ray 7.2870-83 11071132 9.4671-08 12.9571-57 Babyk et al. (2014) 200 0.27/0.73/0.73
i +1.64 +0.41 +2.1 +0.48 )
Abell 2050 0.118 15 16 19.2 +00 05 52 X-ray 7.0671-84 2.8470-41 9.0372:1. 3.370-18 Ettori et al. (2011) 200 0.3/0.7/0.7
. ) 0.43 0.21 . o+0.56 +0.25 ) .
Abell 3814 0.118 21 49 07.4 230 41 55 X-ray 4.7970-43 217031 6.1975-58 2.6575-23 Ettori et al. (2011) 200 0.3/0.7/0.7
+0.19 +0.37 +0.25 +0.46 .
RXC J1141.4-1216 0.119 11 41 24.3 12 16 20 X-ray 3.1570-19 1.8879-37 4181928 6.1279-46 Ettori et al. (2011) 200 0.3/0.7/0.7
Abell 1664 0.128 13 03 41.8 -24 13 06 X-ray 7.2410-83 22.8412-50 9.381108 26.681528 Babyk et al. (2014) 200 0.27/0.73/0.73
) +0.34 +0.18 +0.44 +0.22 oo
Abell 1084 0.132 10 44 33.0 -07 04 22 X-ray 4.5610-34 2.8670-18 5.8870-22 3.4476-22 Ettori et al. (2011) 200 0.3/0.7/0.7
RXJ1416.4+2315 0.137 14 16 26.9 +23 15 31 X-ray 1127438 317190 141736 3.5713 Khosroshahi et al. (2006) 200 0.3/0.7/0.7
+0.2 +0.48 +0.26 +0.6 )
Abell 1068 0.1375 10 40 43.9 +39 56 53 X-ray 3.02792, 6.410-1% 3.9470-26 8.0279-¢ Ettori et al. (2011) 200 0.3/0.7/0.7
+0.21 +0.71 +0.28 +0.9
Abell 1068 0.1375 10 40 43.9 +39 56 53 X-ray 3.0510-21 7.1t T 4.0570-28 9.870-9, Babyk et al. (2014) 200 0.27/0.73/0.73
0.26 0.49 0.33 0.65 .
Abell 1068 0.1375 10 40 43.9 +39 56 53 X-ray 3.6910-28 5.68170-99 4777033 6.910-55 Pointecouteau et al. (2005) 200 0.3/0.7/0.7
) +0.85 +1.62 +1.11 +2.02 o
RXC J2218.6-3853 0.138 22 18 40.2 -38 53 51 X-ray 3.1670-85 8.76171-92 4127311 10.9272:92 Ettori et al. (2011) 200 0.3/0.7/0.7
+0.34 +0.36 +0.44 +0.44 )
RXCJ0605.8-3518 0.141 06 05 52.8 35 18 02 X-ray 411054 4.5179-36 5.2070-44 5.4778-44 Ettori et al. (2011) 200 0.3/0.7/0.7
RXCJ0605.8-3518 0.141 06 05 52.8 -35 18 02 X-ray 4147038 6.377575 5.437023 7.8175-92 Babyk et al. (2014) 200 0.27/0.73/0.73
1.41 2+2.67 1.82 3.23 .
Abell 22 0.142 00 20 42.8 25 42 37 X-ray 4177141 10.0372-97 5.3711-82 12147323 Ettori et al. (2011) 200 0.3/0.7/0.7
+0.57 +0.32 +0.73 +0.38 .
Abell 1413 0.143 11 55 18.9 +23 24 31 X-ray 5.8370-57 6.1279-32 7.447873 7.1870:38 Ettori et al. (2011) 200 0.3/0.7/0.7
0.67 1.18 0.87 1.4
Abell 1413 0.143 11 55 18.9 +23 24 31 X-ray 5.8570-97 8.537 318 7.5070-87 101214 Babyk et al. (2014) 200 0.27/0.73/0.73
0.78 2.69 0.97 3.45 : .
Abell 1413 0.143 11 55 18.9 +23 24 31 X-ray 4.4470-78 9.3172-09 5.6978-97 1111358 Schmidt & Allen (2007) virial 0.3/0.7/0.7
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Abell 1413 0.143 11 55 18.9 +23 24 31 X-ray 5.8210-3 6.510-53 7.4110-52 7.5910-82 Pointecouteau et al. (2005) 200 0.3/0.7/0.7
Abell 1413 0.143 11 55 18.9 +23 24 31 X-ray 4.4270-24 10674117 5.66103 1273147 Vikhlinin et al. (2006) 500 0.3/0.7/0.71
Abell 2328 0.147 20 48 10.6 -17 50 38 X-ray 2.2375:93 5.0671-12 2.9472:15 7737143 Ettori et al. (2011) 200 0.3/0.7/0.7
RXCJ0547.6-3152 0.148 05 47 38.2 -31 52 31 X-ray 411959 7.897 131 5.2874-7¢ 9.5571-83 Ettori et al. (2011) 200 0.3/0.7/0.7
RXCJ0547.6-3152 0.148 05 47 38.2 -31 52 31 X-ray 4147057 11.0671-17 5.427875 13557133 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 2204 0.152 16 32 46.5 +05 34 14 X-ray 2.81170-92 15937119 3.6610-93 20.067]13 Ettori et al. (2011) 200 0.3/0.7/0.7
Abell 2204 0.152 16 32 46.5 +05 34 14 WL 71182 72727 9.0+7:9 8.313 1 Corless et al. (2009) 200 0.3/0.7/0.7
Abell 2204 0.152 16 32 46.5 +05 34 14 X-ray 2.8370-32 23.357516 3.7670-43 20.8373-01 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 2204 0.152 16 32 46.5 +05 34 14 WL 6.3 - 8.0 - Clowe (2003) 200 0.3/0.7/0.7
Abell 2204 0.152 16 32 46.5 +05 34 14 WL 6.3 12.075:0 8.0 14.075:0 Clowe & Schneider (2002) 200 0.3/0.7/None
Abell 2204 0.152 16 32 46.5 +05 34 14 WL 4.3 - 5.5 - Clowe & Schneider (2001a) 200 0.3/0.7/0.7
Abell 2204 0.152 16 32 46.5 405 34 14 X-ray 9.751292 7.4812-63 1227356 8.4a1312 Schmidt & Allen (2007) virial 0.3/0.7/0.7
Abell 2204 0.152 16 32 46.5 +05 34 14 X-ray 4.5010-37 118713 5.8670-46 14.0717 Pointecouteau et al. (2005) 200 0.3/0.7/0.7
Abell 3888 0.153 22 34 31.0 -37 44 06 X-ray 4.2872-3L 13427418 5.4972-99 16,1639 Ettori et al. (2011) 200 0.3/0.7/0.7
Abell 2009 0.153 15 00 20.40  +21 21 43. WL 55719 43t 7.0+2:4 CR Sereno et al. (2014) 200 0.3/0.7/0.7
Abell 2009 0.153 15 00 20.40 421 21 43. WL 5.007155 3.2473:0% 6.5977% 3.86752, Okabe et al. (2010) virial 0.27/0.73/0.72
Abell 907 0.1527 09 58 22.2 -11 03 35 X-ray 2.3010-22 11.9472-02 3131058 15.3272-39 Ettori et al. (2011) 200 0.3/0.7/0.7
Abell 907 0.1527 09 58 22.2 -11 03 35 X-ray 6.251 090 6,54t8'$?2’ g.o7tl3, 7.710-88 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 907 0.1527 09 58 22.2 -11 03 35 X-ray 521790 6.2875-03 6.617575 7.3719-82 Vikhlinin et al. (2006) 500 0.3/0.7/0.71
Abell 1240 0.159 11 23 32.1 +43 06 32 X-ray 6.3870-28 7.3470-94 8.2270-39 8.6273 1. Babyk et al. (2014) 200 0.27/0.73/0.73
RXCJ2014.8-2430 0.161 20 14 49.7 -24 30 30 X-ray 3.86170-15 7.5670-33 4.9670-19 9.1875-94 Ettori et al. (2011) 200 0.3/0.7/0.7
RXCJ2014.8-2430 0.161 20 14 49.7 -24 30 30 X-ray 3.8870-51 10.5371-9% 5.07787% 12.9577°82 Babyk et al. (2014) 200 0.27/0.73/0.73
RXJ1720.1+2638 0.164 17 20 08.88  +26 38 06. WL g.5t41 a6t14 107739 52118 Sereno et al. (2014) 200 0.3/0.7/0.7
RXJ1720.1+2638 0.164 17 20 08.88  +26 38 06. WL 6.8172-37 3.511-42 873750, 1.0771-:95 Okabe et al. (2010) virial 0.27/0.73/0.72
Abell 3404 0.167 06 45 29.3 -54 13 08 X-ray 4.5873-0¢ 7.0811-12 5.8411:35 8.4571-34 Ettori et al. (2011) 200 0.3/0.7/0.7
Abell 1201 0.169 11 12 54.9 +13 26 41 X-ray 6.2770-83 5.4370-39 8.0571:07 6.37179-89 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 586 0.171 07 32 22.32  +31 38 02. WL 10784 22.67153 14783 32.97378 Sereno et al. (2014) 200 0.3/0.7/0.7
Abell 586 0.171 07 32 22.32  +31 38 02. WL 6.551375 6.3a172-29 8.381352 7.3712-89 Okabe et al. (2010) virial 0.27/0.73/0.72
Abell 1914 0.171 14 26 01.6 +37 49 38 WL 3.2172-26 7157431 4187279 8.7714:38 Okabe & Umetsu (2008) virial 0.3/0.7/0.7
Abell 1914 0.171 14 26 01.6 +37 49 38 X-ray 1.04F3:38 76857351 1.44%050 113.86+8-61 Babyk et al. (2014) 200 0.27/0.73/0.73
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+2.46 +0.74 +3.1 +0.86 .
Abell 2218 0.175 16 35 52.4 466 12 52 X-ray 6.2672:46 4761974 7.0t3- 1 5.5270-86 Ettori et al. (2011) 200 0.3/0.7/0.7
Abell 2218 0.175 16 35 52.4 +66 12 52 WL 6.86113 13.87+3-07 8.63118 15.0013-76 Bardeau et al. (2007) 200 0.3/0.7/0.7
2.34 0.82 3.0 0.96
Abell 2218 0.175 16 35 52.4 +66 12 52 X-ray 6.3372:32 6.4675-82 812739 7.5775-96 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 2345 0.1765 2127 11.0 -12 09 33 WL 0.270-1 24,6753 0.379-1 51.673%3 Sereno et al. (2014) 200 0.3/0.7/0.7
Abell 750 0.18 09 09 06.7 +11 01 48 WL 25119 113743 3.2717 143764 Sereno et al. (2014) 200 0.3/0.7/0.7
Abell 1689 0.18 13 11 29.5 -01 20 17 WL 107753 176729 13.475:% 197720 Umetsu & Broadhurst (2008) 200/virial 0.3/0.7/0.7
Abell 1689 0.18 13 11 29.5 -01 20 17 wL+sL 101708 18.671°8 12,7759 21.0+1-7 Umetsu & Broadhurst (2008) 200/virial 0.3/0.7/0.7
Abell 1689 0.18 13 11 29.5 01 20 17 SL 9.271-2 18.0750 115718 20.075-9 Coe et al. (2010) 200/ virial 0.3/0.7/0.7
2.85 3.7 3.48 4.4
Abell 1689 0.18 13 11 29.5 -01 20 17 WL 1077285 183757 13321348 205144 Umetsu et al. (2015) 200 0.3/0.7/0.7
Abell 1689 0.18 13 11 29.5 -01 20 17 SL 8.6971:28 256744 108617154 20.075-3 Umetsu et al. (2015) 200 0.3/0.7/0.7
Abell 1689 0.18 13 11 29.5 -01 20 17 WL+SL 1037232 21.373-8 12.8315-08 23.9744 Umetsu et al. (2015) 200 0.3/0.7/0.7
0.64 0.44 0.8 0.5 .
Abell 1689 0.18 13 11 29.5 -01 20 17 X-ray 8.3110-52 7.3610-9% 10,4798 8.3610-3 Ettori et al. (2011) 200 0.3/0.7/0.7
Abell 1689 0.18 13 11 29.5 01 20 17 WL 154790 131728 1917122 144731 Corless et al. (2009) 200 0.3/0.7/0.7
3.86 2.31 1.8 2.57 .
Abell 1689 0.18 13 11 29.5 01 20 17 WL 12,564 3 13.00723% 15.65% 15577257 Umetsu et al. (2009) virial 0.3/0.7/0.7
2.48 2.76 3.09 3.1 .
Abell 1689 0.18 13 11 29.5 -01 20 17 WL 10271228 16.3172:7¢ 12.873-99 1831752 Umetsu et al. (2011b) virial 0.3/0.7/0.7
) ) 0.82 4.8 1.01 a 6.35 )
Abell 1689 0.18 13 11 29.5 -01 20 17 WL 4.2870-52 28.167%% 5457101 33.7375-33 Bardeau et al. (2007) 200 0.3/0.7/0.7
Abell 1689 0.18 13 11 29.5 -01 20 17 X-ray 8.3510-91 16.0972-81 10.6271-16 18.4473-22 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 1689 0.18 13 11 29.5 -01 20 17 SL 6.070-2 30.0 76108 35.0 Halkola et al. (2006b) 200 0.3/0.7/0.7
0.34 88.0 0.42 104.0
Abell 1689 0.18 13 11 29.5 01 20 17 SL 57193 130.0+88-0 7187042 151.0739% Zekser et al. (2006) 200 0.3/0.7/None
Abell 1689 0.18 13 11 29.5 01 20 17 SL 6.571% 34.073-0 g.2t21 40.071-9 Broadhurst et al. (2005c) virial 0.3/0.7/0.7
Abell 1689 0.18 13 11 29.5 -01 20 17 WL 30.4 - 37.4 - Halkola et al. (2006b) 200 0.3/0.7/0.7
Abell 1689 0.18 13 11 29.5 ~01 20 17 WL 22.1%29 - 27.213-5 - Medezinski et al. (2007) virial 0.3/0.7/None
Abell 1689 0.18 13 11 29.5 -01 20 17 WL 35105 141763 45706 17atl8 Bardeau et al. (2005) 200 0.3/0.7/0.7
Abell 1689 0.18 13 11 29.5 -01 20 17 WL 1.0t 8t 17.3+3-7 187114 193720 Broadhurst et al. (2005b) virial 0.3/0.7/0.7
Abell 1689 0.18 13 11 29.5 01 20 17 WL 7.9 - 9.9 - Clowe (2003) 200 0.3/0.7/0.7
Abell 1689 0.18 13 11 29.5 -01 20 17 WL 4.8 8.5 6.1 10.0 King et al. (2002) 200 1.0/0.0/None
Abell 1689 0.18 13 11 29.5 01 20 17 WL 6.0 - 8.0 - Clowe & Schneider (2001b) 200 0.3/0.7/None
Abell 1689 0.18 13 11 29.5 01 20 17 WL 6.0 - 7.6 - Clowe & Schneider (2001a) 200 0.3/0.7/0.7
Abell 1689 0.18 13 11 29.5 01 20 17 wL+sL  7.6793 23.0 9.570-4 26.0 Halkola et al. (2006b) 200 0.3/0.7/0.7
Abell 1689 0.18 13 11 29.5 -01 20 17 wrtsL  7.6718 132720 9.572:9 151720 Limousin et al. (2007b) 200 0.3/0.7/0.7
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Abell 1689 0.18 13 11 29.5 -01 20 17 X-ray 7.7yt - 9.6727 - Andersson & Madejski (2004) 200 0.3/0.7/0.7
Abell 383 0.188 02 48 02.00  -03 32 15.0 WL4+SL  7.0170:52 671112, 8771067 7677137 Zitrin et al. (2011) virial 0.3/0.7/0.7
0.03 0.37 0.04 0.45 )
Abell 383 0.188 02 48 02.00  -03 32 15.0 X-ray 3.479-93 4.4370-37 4.3570-94 5.4278-45 Ettori et al. (2011) 200 0.3/0.7/0.7
Abell 383 0.188 02 48 02.00  -03 32 15.0 WL 77157 41719 9.67%3 47713 Sereno et al. (2014) 200 0.3/0.7/0.7
1.2 2.1 1.5 2.5
Abell 383 0.188 02 48 02.00  -03 32 15.0 WL 70112 79121 s.8T13 CRR Sereno et al. (2014) 200 0.3/0.7/0.7
0.69 2.09 0.86 2.85
Abell 383 0.188 02 48 02.00  -03 32 15.0 WL 2.6279:99 5.0072:09 3.3870-86 7.5372:85 Bardeau et al. (2007) 200 0.3/0.7/0.7
Abell 383 0.188 02 48 02.00  -03 32 15.0 X-ray 3.44f8'§23 5.63172-02 4.4870-01 6.97172-53 Babyk et al. (2014) 200 0.27/0.73/0.73
1.0 0.7 1.3 0.7 .
Abell 383 0.188 02 48 02.00  -03 32 15.0 wLtsL 44719 8.719-T 56713 10.4787 Merten et al. (2014) 2500/200/virial  0.27/0.73/0.7
0.53 2.56 0.65 3.28 . .
Abell 383 0.188 02 48 02.00  -03 32 15.0 X-ray 3.76170-53 6.62172-5¢ 4.7810-5 7.9573-28 Schmidt & Allen (2007) virial 0.3/0.7/0.7
Abell 383 0.188 02 48 02.00  -03 32 15.0 X-ray 6.4110-57 4.1710.47 8.0310.7 4.7210.57 Vikhlinin et al. (2006) 500 0.3/0.7/0.71
~0.57 ~0.47 0.7 ~0.57
4.1 ) 0.99 5.22 ) 1.15 -
Abell 383 0.188 02 48 02.00  -03 32 15.0 WL 6.07t41 3.1370-99 s.87t5-22 362118 Okabe et al. (2010) virial 0.27/0.73/0.72
ZwC10839.9+2937 0.194 08 42 56.07 429 27 25.7 WL s.2t44 2.910-9 102734 33717 Sereno et al. (2014) 200 0.3/0.7/0.7
ZwC10839.9+2937 0.194 08 42 56.07  +29 27 25.7 WL 5.67175:95 2.4970-92 7.2475:0% 2.0173-98 Okabe et al. (2010) virial 0.27/0.73/0.72
ZwC10839.94+2937 0.194 08 42 56.07 429 27 25.7  X-ray 6.570-1 6.1 g1t0-2 7.0 Wang et al. (2005) 200 0.3/0.7/0.7
0.9 2.3 1.1 3.7
Abell 291 0.196 02 01 44.20  -02 12 03.0 WL 18769 77128 24101 101787 Sereno et al. (2014) 200 0.3/0.7/0.7
) +1.0 2.29 aat1.34 3.1 . .
Abell 291 0.196 02 01 44.20  -02 12 03.0 WL 176780 5.1972-29 2.36753% 7.02751¢ Okabe et al. (2010) virial 0.27/0.73/0.72
Abell 115 0.1971 00 55 59.76  +26 22 40.8 WL 27127 6.41759 35133 8.0t39 Sereno et al. (2014) 200 0.3/0.7/0.7
3.86 3.24 5.03 4.08 .
Abell 115 0.1971 00 55 59.76  +26 22 40.8 WL 2.8373-86 4.2613-24 3.6075:03 5.3675°93 Okabe et al. (2010) virial 0.27/0.73/0.72
Abell 520 0.199 04 54 19.0 402 56 49 WL 2.2411-48 6.8613:32 291182 g.77t3-4 Okabe & Umetsu (2008) virial 0.3/0.7/0.7
—1.48 ~3.32 —1.82 34
Abell 520 0.199 04 54 19.0 +02 56 49 X-ray 3.79 129.0 4.8 154.0 Molikawa et al. (1999) virial 0.3/0.7/0.5
0.57 5.7 0.71 8.57 -
Abell 2163 0.203 16 15 34.1 -06 07 26 WL 218793 26.9475 7, 2.847072 34.63783 Okabe et al. (2011) 200/virial 0.3/0.7/None
Abell 2163 0.203 16 15 34.1 -06 07 26 X-ray 2.047937 111181392 2.779-49 145.93F 777 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 209 0.206 01 31 53.00  -13 36 34.0 WL 3.413 77153 44130 9.5153 Paulin-Henriksson et al. (2007) 200 0.27/0.73/0.7
0.67 1.23 0.86 1.51 )
Abell 209 0.206 01 31 53.00  -13 36 34.0 X-ray 3.0376-97 8.611-2% 3.8770-56 1050151 Ettori et al. (2011) 200 0.3/0.7/0.7
0.5 2.7 0.6 4.0
Abell 209 0.206 01 31 53.00  -13 36 34.0 WL 21195 14.4727 27156 185740 Sereno et al. (2014) 200 0.3/0.7/0.7
0.3 3.7 0.4 4.9
Abell 209 0.206 01 31 53.00  -13 36 34.0 WL 3.0793 231737 3.8704 28.5799 Sereno et al. (2014) 200 0.3/0.7/0.7
0.92 2.91 1.13 3.99
Abell 209 0.206 01 31 53.00  -13 36 34.0 WL 3.019-92 10277297 3.837115 12.667599 Bardeau et al. (2007) 200 0.3/0.7/0.7
Abell 209 0.206 01 31 53.00  -13 36 34.0 X-ray 3.117877 12.0573-37 40459 15.0172-21 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 209 0.206 01 31 53.00  -13 36 34.0 wL+sL 83709 9.570-7 a3tlt 117787 Merten et al. (2014) 2500/200/virial  0.27/0.73/0.7
Abell 209 0.206 01 31 53.00  -13 36 34.0 WL 2.0576-52 10.65172-52 2717699 14.07531 Okabe et al. (2010) virial 0.27/0.73/0.72
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+0.94 +0.83 +1.19 +0.99 .
Abell 963 0.206 10 17 13.9 +39 01 31 X-ray 4.3510-94 6.1779-83 5.407319 7.8479:99 Ettori et al. (2011) 200 0.3/0.7/0.7
Abell 963 0.206 10 17 13.9 +39 01 31 WL 2.019-7 74116 26109 9.61723 Sereno et al. (2014) 200 0.3/0.7/0.7
+1.25 +1.29 +1.52 +1.52 )
Abell 963 0.206 10 17 13.9 +39 01 31 WL 8.3571-25 5.6671-29 10371352 6.41771-32 Bardeau et al. (2007) 200 0.3/0.7/0.7
Abell 963 0.206 10 17 13.9 +39 01 31 X-ray 4.3573-0L 8.227 324 5.50713, 9.911-49 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 963 0.206 10 17 13.9 +39 01 31 WL 1.9478:75 5257164 257759 6.9672-17 Okabe et al. (2010) virial 0.27/0.73/0.72
Abell 963 0.206 10 17 13.9 +39 01 31 X-ray 4397088 7.4713:95 5.5311-07 8.811384 Schmidt & Allen (2007) virial 0.3/0.7/0.7
Abell 963 0.206 10 17 13.9 +39 01 31 X-ray 5727078 7.0411-56 7161995 8.1472:43 Allen et al. (2003) 200 0.3/0.7/0.5
RXJ0439.0+0520 0.208 04 39 02.2 +05 20 43 X-ray 771127 9.117275 9.74755, 10451291 Babyk et al. (2014) 200 0.27/0.73/0.73
RX J0439.0+0520 0.208 04 39 02.2 +05 20 43 X-ray 6.6611-53 3.077178 8.371-87 4541213 Schmidt & Allen (2007) virial 0.3/0.7/0.7
RX J1504.1-0248 0.215 15 04 07.5 -02 48 16 X-ray 3.7771:05 1757335 4757128 20,9373 Schmidt & Allen (2007) virial 0.3/0.7/0.7
MS 0735.6+7421 0.216 07 41 44.8 +74 14 52 X-ray 6.85 22.0 8.51 25.0 Molikawa et al. (1999) virial 0.3/0.7/0.5
Abell 773 0.217 09 17 59.4 +51 42 23 X-ray 3.2771-49 10.9473-12 4157189 1334758 Ettori et al. (2011) 200 0.3/0.7/0.7
. ) +0.61 +1.72 +0.79 +2.12 ) L
Abell 773 0.217 09 17 59.4 +51 42 23 X-ray 3.3370-01 14.0071-72 4.3%0-79 17387212 Babyk et al. (2014) 200 0.27/0.73/0.73
MS 1006.0+1202 0.221 10 08 47.9 +11 47 33 X-ray 4.19 31.0 5.26 36.0 Molikawa et al. (1999) virial 0.3/0.7/0.5
Abell 2261 0.224 17 22 27.60 432 07 37. WL 41108 77t 5.2757 2117718 Sereno et al. (2014) 200 0.3/0.7/0.7
Abell 2261 0.224 17 22 27.60  +32 07 37. WL 4.870-2 197724 6.075:8 23.273-0 Sereno et al. (2014) 200 0.3/0.7/0.7
Abell 2261 0.224 17 22 27.60 432 07 37. WL 5131152 16.62752 6.4119 19.2073- 70 Umetsu et al. (2009) virial 0.3/0.7/0.7
Abell 2261 0.224 17 22 27.60  +32 07 37. wL+sL 8.4t 14.2%17 44718 176718 Merten et al. (2014) 2500/200/virial  0.27/0.73/0.7
Abell 2261 0.224 17 22 27.60  +32 07 37. WL 4757154 8.04717, 6.047172 9.4972-01 Okabe et al. (2010) virial 0.27/0.73/0.72
ZwCl 0823.2+40425 0.2248 08 25 59.3 +04 15 47 WL 26112 70121 33713 9.873-1 Sereno et al. (2014) 200 0.3/0.7/0.7
+2.3 +0.74 +2.85 +0.84 .
Abell 1763 0.228 13 35 18.2 +40 59 49 X-ray 75723, 4.25T0- 77 9.2812-85 4.8370-87 Ettori et al. (2011) 200 0.3/0.7/0.7
0.63 3.76 0.77 5.31
Abell 1763 0.228 13 35 18.2 +40 59 49 WL 2.6375-93 1987578 3.367077 24.627531 Bardeau et al. (2007) 200 0.3/0.7/0.7
Abell 2219 0.2281 16 40 21.4 +46 42 21 WL 6.61729 117427 8.2t 13.4753 Sereno et al. (2014) 200 0.3/0.7/0.7
0.99 6.21 1.21 8.29
Abell 2219 0.2281 16 40 21.4 +46 42 21 WL 3.8476-99 20.0176-21 4847121 35.8378-29 Bardeau et al. (2007) 200 0.3/0.7/0.7
+0.73 +4.92 +0.94 +6.03
Abell 2219 0.2281 16 40 21.4 +46 42 21 X-ray 3.447673 36.4972-97 4.4270-9% 44757693 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 2219 0.2281 16 40 21.4 +46 42 21 WL 544727 7.812-1T 6.887542 9.1173-34 Okabe et al. (2010) virial 0.27/0.73/0.72
Abell 267 0.23 01 52 48.72 401 01 08. WL ERRE R 437190 6.412:2 5.071% Sereno et al. (2014) 200 0.3/0.7/0.7
2.01 2.09 2.45 2.64
Abell 267 0.23 01 52 48.72  +01 01 08. WL 4547201 3.8972-09 5.601298 4507282 Bardeau et al. (2007) 200 0.3/0.7/0.7
1.66 0.91 2.11 1.08 .
Abell 267 0.23 01 52 48.72  +01 01 08. WL 4.7311-96 3.26179-91 6.072-11 3.8573-98 Okabe et al. (2010) virial 0.27/0.73/0.72
+0.12 +1.16 +0.15 +1.48 )
Abell 2390 0.23 21 53 35.5 +17 41 12 X-ray 2.0676-22 247177118 2.6575-15 31577148 Ettori et al. (2011) 200 0.3/0.7/0.7
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Abell 2390 0.23 21 53 35.5 +17 41 12 WL 53713 9.7121 66718 113727 Sereno et al. (2014) 200 0.3/0.7/0.7
Abell 2390 0.23 21 53 35.5 +17 41 12 WL 5551158 11157189 6.012-3 12.867234 Umetsu et al. (2009) virial 0.3/0.7/0.7
Abell 2390 0.23 21 53 35.5 +17 41 12 WL 5.267143 13.47+3-32 6.567174 1577443 Bardeau et al. (2007) 200 0.3/0.7/0.7
Abell 2390 0.23 21 53 35.5 +17 41 12 X-ray 2117652 28.2175-15 2.76179-98 36.57174:98 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 2390 0.23 21 53 35.5 +17 41 12 WL 4.8071-21 6.9771:53 6.271:33 2713 Okabe et al. (2010) virial 0.27/0.73/0.72
Abell 2390 0.23 21 53 35.5 +17 41 12 X-ray 2.581019 16587152 3.2810-23 20.4512-57 Vikhlinin et al. (2006) 500 0.3/0.7/0.71
Abell 2390 0.23 21 53 35.5 +17 41 12 X-ray 3.211-79 20.6739°7 4047218 24.9779-7 Allen et al. (2003) 200 0.3/0.7/0.5
Abell 2667 0.233 23 51 40.7 26 05 01 X-ray 2.2476-08 15.8810-1% 287701, 20.0879-37 Ettori et al. (2011) 200 0.3/0.7/0.7
Abell 2667 0.233 23 51 40.7 -26 05 01 X-ray 2.2570-17 19.7172:51 2.9470-22 25.3273-35 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 2667 0.233 23 51 40.7 -26 05 01 X-ray 3.027872 13,6739 3.82799, 165759 Allen et al. (2003) 200 0.3/0.7/0.5
RXJ2129.6-40005 0.235 21 29 37.92 400 05 38. X-ray 3.717927 5.470-9% 4.6770-3% 6.4870-33 Ettori et al. (2011) 200 0.3/0.7/0.7
RXJ2129.6+0005 0.235 21 29 37.92 400 05 38. WL 2.0%1-2 9.7138 26113 124733 Sereno et al. (2014) 200 0.3/0.7/0.7
RXJ2129.6+0005 0.235 21 29 37.92 400 05 38. WL 6.7799 61112 g.3t12 70113 Sereno et al. (2014) 200 0.3/0.7/0.7
RXJ2129.6+0005 0.235 21 29 37.92 400 05 38. X-ray 3.7776-38 8.4679-94 4.8270-49 10267132 Babyk et al. (2014) 200 0.27/0.73/0.73
RXJ2129.6--0005 0.235 21 29 37.92 400 05 38. wL+sL 43719 6.119-8 56717 7.379-T Merten et al. (2014) 2500/200/virial  0.27/0.73/0.7
RXJ2129.6+0005 0.235 21 29 37.92 400 05 38. WL 2.5671:57 5.327318 3.32723¢ 6.717373 Okabe et al. (2010) virial 0.27/0.73/0.72
RXJ2129.6+0005 0.235 21 29 37.92 400 05 38. X-ray 4077231 6.46171%6 5.001728 7.63716.3 Schmidt & Allen (2007) virial 0.3/0.7/0.7
ZwCl 1305.442941 0.241 13 07 49.2 +29 25 48 X-ray 6.307041 2.4370-19 79108 2.7710-21 Gastaldello et al. (2008) virial 0.3/0.7/0.7
MS 1910.546736 0.246 19 10 27.3 +67 41 27 X-ray 4.65 8.7 5.78 10.0 Molikawa et al. (1999) virial 0.3/0.7/0.5
Abell 2485 0.2472 22 48 31.13  -16 06 25.6 WL 31118 40717 3.012:2 6.0724 Sereno et al. (2014) 200 0.3/0.7/0.7
Abell 2485 0.2472 22 48 31.13  -16 06 25.6 WL 2.73+1-72 3667148 3.5212-2% 4567152 Okabe et al. (2010) virial 0.27/0.73/0.72
Abell 521 0.2475 04 54 09.1 -10 14 19 WL 16799 6.9717 21103 91125 Sereno et al. (2014) 200 0.3/0.7/0.7
Abell 521 0.2475 04 54 09.1 -10 14 19 X-ray 11.2670-83 7211116 13.97173-53 8.0411-29 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 521 0.2475 04 54 09.1 -10 14 19 WL 2.367078 a.6t3-14 3.0675:08 5.857135 Okabe et al. (2010) virial 0.27/0.73/0.72
Abell 1835 0.2528 14 01 02.3 +02 52 48 X-ray 2.6478-32 17.5371-4% 3.347043 21,6671 7% Ettori et al. (2011) 200 0.3/0.7/0.7
Abell 1835 0.2528 14 01 02.3 +02 52 48 WL 8.073%° 110743 9.8735%:4 12.4748 Corless et al. (2009) 200 0.3/0.7/0.7
Abell 1835 0.2528 14 01 02.3 402 52 48 WL 27708 15.0753 3.4719 185745 Sereno et al. (2014) 200 0.3/0.7/0.7
Abell 1835 0.2528 14 01 02.3 +02 52 48 WL 2.587048 38.6772-91 3.2710-59 47.8915-23 Bardeau et al. (2007) 200 0.3/0.7/0.7
Abell 1835 0.2528 14 01 02.3 +02 52 48 X-ray 2.6675-3° 22.8672-8¢ 3.4370-15 28.6575-58 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 1835 0.2528 14 01 02.3 +02 52 48 WL 2.619-77 10.0272:5% 3.3570-99 13.6917553 Okabe et al. (2010) virial 0.27/0.73/0.72
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Abell 1835 0.252 14 01 02.3 402 52 48 WL 2.9 - 3.7 - Clowe (2003) 200 0.3/0.7/0.7
Abell 1835 0.252 14 01 02.3 +02 52 48 WL 2.96 23.8135 3.72 28.874-2 Clowe & Schneider (2002) 200 0.3/0.7/None
Abell 1835 0.252 14 01 02.3 +02 52 48 WL 4.8 - 5.96 - Clowe & Schneider (2001a) 200 0.3/0.7/0.7
Abell 1835 0.252 14 01 02.3 +02 52 48 X-ray 3.4270-42 21.273-62 4.2870-55 25.37578 Schmidt & Allen (2007) virial 0.3/0.7/0.7
Abell 1835 0.252 14 01 02.3 +02 52 48 X-ray 3.1311-37 24.07794.0 3.937188 29.07336.0 Voigt & Fabian (2006) 200/2E4 0.3/0.7/0.7
Abell 1835 0.252 14 01 02.3 +02 52 48 X-ray 4217853 182752 5.2410-67 21.41320.3 Allen et al. (2003) 200 0.3/0.7/0.5
RXCJ0307.0-2840 0.253 03 07 04.1 -28 40 14 X-ray 3.1510-88 10447239 397 L8 12,6772 Ettori et al. (2011) 200 0.3/0.7/0.7
RXCJ0307.0-2840 0.253 03 07 04.1 28 40 14 X-ray 3.2270-88 12.62+1-72 4127318 1557230 Babyk et al. (2014) 200 0.27/0.73/0.73
ZwCl10104.44+0048 0.2545 01 06 48.48  +01 02 42. WL 79797 2.079-¢ 9.7757 2.379-8 Sereno et al. (2014) 200 0.3/0.7/0.7
ZwC10104.4+0048 0.2545 01 06 48.48  +01 02 42. WL 6.4675:3¢ 198t 8.08782, 1737958 Okabe et al. (2010) virial 0.27/0.73/0.72
0.82 1.97 1.04 2.43 .
Abell 68 0.2546 00 37 05.28  +09 09 10 X-ray 2.6575-32 15.967197 3.357 508 1977298 Ettori et al. (2011) 200 0.3/0.7/0.7
Abell 68 0.2546 00 37 05.28  +09 09 10 WL 490738 44117 61148 51123 Sereno et al. (2014) 200 0.3/0.7/0.7
Abell 68 0.2546 00 37 05.28  +09 09 10 WL 3.847113 s.8672:81 481137 10561362 Bardeau et al. (2007) 200 0.3/0.7/0.7
Abell 68 0.2546 00 37 05.28  +09 09 10 WL 3.1572:93 4.4972:99 4.0213-3¢ 5.4972-56 Okabe et al. (2010) virial 0.27/0.73/0.72
ZwCl1454.8+2233 0.2578 14 57 14.40  +22 20 38. WL 3.6728 3.772-9 45734 44727 Sereno et al. (2014) 200 0.3/0.7/0.7
ZwCl1454.842233 0.2578 14 57 14.40  +22 20 38. WL 3.1472:89 2.8271:6% 4.0173-34 3.4572-92 Okabe et al. (2010) virial 0.27/0.73/0.72
0.53 0.29 0.65 0.33 .
MS 1455.0+42232 0.259 14 57 15.1 +22 20 34 X-ray 6.3270:53 3.6619-29 7.7970.65 4.1079:33 Ettori et al. (2011) 200 0.3/0.7/0.7
MS 1455.042232 0.259 14 57 15.1 +22 20 34 X-ray 10.9 14.0 13.2 15.0 Molikawa et al. (1999) virial 0.3/0.7/0.5
1.8 0.66 5.84 0.77 .

J0454-0309 0.26 04 54 10.0 -03 09 00 WL 9.57%8 0.847-66 11791584 0.04F8-77 Schirmer et al. (2010) 200 0.27/0.73/0.7
RXCJ2337.6+0016 0.273 23 37 40.6 +00 16 36 X-ray 4.9073-52 6.8171:91 6.1715:35 7911222 Ettori et al. (2011) 200 0.3/0.7/0.7
RXCJ2337.6+0016 0.273 23 37 40.6 +00 16 36 WL 6.6733 6.411 1 CRRE 73114 Sereno et al. (2014) 200 0.3/0.7/0.7
RXCJ2337.6-4+0016 0.273 23 37 40.6 +00 16 36 X-ray 5.0211-55 8.57398 6.37255 9.8 119 Babyk et al. (2014) 200 0.27/0.73/0.73
RXCJ0303.8-7752 0.274 03 03 46.4 77 52 09 X-ray 185104 13217233 2.361133 16.8872-58 Ettori et al. (2011) 200 0.3/0.7/0.7
RXCJ0532.9-3701 0.275 05 32 56.0 .37 01 34 X-ray 5.9772:43 6.8871-53 7.3472:99 7.8872-1 Ettori et al. (2011) 200 0.3/0.7/0.7
Abell 1703 0.277 13 15 05.24  +51 49 02. SL 4.010-2 20.275-9 51797 241779 Oguri et al. (2009b) virial 0.26/0.74/0.72
Abell 1703 0.277 13 15 05.24 451 49 02. WL 26751 155752 3.3tld 195785 Oguri et al. (2009Db) virial 0.26/0.74/0.72
Abell 1703 0.277 13 15 05.24 451 49 02. WL+SL  5.2750 12,0752 6.5752 15.07%2 Oguri et al. (2009b) virial 0.26/0.74/0.72
Abell 1703 0.277 13 15 05.24 451 49 02. wL+sL  5.8704 153718 715108 174727 Zitrin et al. (2010) virial 0.3/0.7/0.7
Abell 1703 0.277 13 15 05.24  +51 49 02. WL 6.371-8 144735 7711222 16.47%0 Zitrin et al. (2010) virial 0.3/0.7/0.7
Abell 1703 0.277 13 15 05.24  +51 49 02. WL 5.675-8 13.6720 6.9719 157723 Sereno et al. (2014) 200 0.3/0.7/0.7
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Abell 1703 0.277 13 15 05.24 451 49 02.6 WL 5.7211-92 15.4175-9¢ 7.02+3-36 17.675:29 Umetsu et al. (2011b) virial 0.3/0.7/0.7
Abell 1703 0.277 13 15 05.24 451 49 02.6 WL 3.8110-95 10827219 4797124 12.88732-61 Oguri et al. (2012b) virial 0.275/0.725/0.702
Abell 1703 0.277 1315 05.24  +5149 02.6  WL+SL  5.6070-92 9.5271-97 708514 10.9671-92 Oguri et al. (2012b) virial 0.275/0.725/0.702
2.84 1.0 3.54 1.15 -
Abell 2631 0.278 23 37 40.08 400 16 33.6 WL 6.372-8% 457739 7.8475-54 5.247 315 Okabe et al. (2010) virial 0.27/0.73/0.72
Abell 1758N 0.279 13 32 32.1 +50 30 37 WL 0.1675-98 3.7476-8 0.2478:95 7517814 Okabe & Umetsu (2008) virial 0.3/0.7/0.7
Abell 17588 0.279 13 32 32.1 +50 30 37 WL ERE 1427168 3.0118-51 171t]-6e Okabe & Umetsu (2008) virial 0.3/0.7/0.7
Abell 689 0.2793 08 37 25.4 +14 58 59 WL 15718 16799 19720 21138 Sereno et al. (2014) 200 0.3/0.7/0.7
RXJ0142.0+2131 0.2803 01 42 02.64  +213119.2 WL 54718 6.071-3 6.6719 6.071-7 Sereno et al. (2014) 200 0.3/0.7/0.7
RXJ0142.0+2131 0.2803 0142 02.64  +213119.2 WL 5717217 3.8973-97 7127278 4497723 Okabe et al. (2010) virial 0.27/0.73/0.72
XMMU J131359.7-162735  0.281 13 13 59.7 16 27 35 X-ray 55793 3.410-52 6.779% 3.8070-35 Gastaldello et al. (2007b) virial 0.3/0.7/0.7
Abell 697 0.282 08 42 56.7 +36 21 45 WL 25707 131724 31799 16.2754 Sereno et al. (2014) 200 0.3/0.7/0.7
Abell 697 0.282 08 42 56.7 +36 21 45 X-ray 5.581 100 13567137 6.9711-39 15767155 Babyk et al. (2014) 200 0.27/0.73/0.73
0.66 2.12 0.85 2.68 -
Abell 697 0.282 08 42 56.7 +36 21 45 WL 2.3176-9¢ 9.7812-12 2.9770-85 12367268 Okabe et al. (2010) virial 0.27/0.73/0.72
RXCJ0232.2-4420 0.283 02 32 18.7 44 20 41 X-ray 1.870-66 1428719 2.2070-84 18267293 Ettori et al. (2011) 200 0.3/0.7/0.7
RXCJ0232.2-4420 0.283 02 32 18.7 44 20 41 X-ray 1887067 18257238 2.4370-87 23.64728 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 611 0.288 08 00 58.9 +36 02 50 WL 3.7t 74777 46717 8.872% Sereno et al. (2014) 200 0.3/0.7/0.7
Abell 611 0.288 08 00 58.9 +36 02 50 WL 45708 146758 56710 17ty Sereno et al. (2014) 200 0.3/0.7/0.7
Abell 611 0.288 08 00 58.9 +36 02 50 wL+sL  3.4709 8.5103 43711 103787 Merten et al. (2014) 2500/200/virial  0.27/0.73/0.7
1.4 1.45 1.77 1.75 -
Abell 611 0.288 08 00 58.9 +36 02 50 WL 3.357 530 5517195 4.2371-77 6.657175 Okabe et al. (2010) virial 0.27/0.73/0.72
Abell 611 0.288 08 00 58.9 +36 02 50 X-ray 5.087172 6.8173:68 6.2472-06 7.837578 Schmidt & Allen (2007) virial 0.3/0.7/0.7
Abell 611 0.288 08 00 58.9 +36 02 50 X-ray 4587236 9.4136:6 5.6472:83 1107210 Allen et al. (2003) 200 0.3/0.7/0.5
ZwCl11459.4+4240 0.2897 15 01 23.13  +42 20 39.6 WL 8.3759 3.7l 101747 PRRE Sereno et al. (2014) 200 0.3/0.7/0.7
ZwC11459.4+4240 0.2897 15 01 23.13  +42 20 39.6 WL 5.26173-58 3.8713) 6.551“”2"?‘; 44115 Okabe et al. (2010) virial 0.27/0.73/0.72
) 0.15 0.49 0.19 0.59 )
Zwicky 3146 0.291 10 23 39.6 +04 11 10 X-ray 3.3776-15 7797049 4107919 9.3279-59 Ettori et al. (2011) 200 0.3/0.7/0.7
) 2.31 2.78 ) .
Zwicky 3146 0.291 10 23 39.6 +04 11 10 X-ray 2.3272:31 281752 4 2017378 345758 Schmidt & Allen (2007) virial 0.3/0.7/0.7
RXCJ0043.4-2037 0.292 00 43 24.4 -20 37 17 X-ray 7.8175-9° 471124 9.576-15 5.287139 Ettori et al. (2011) 200 0.3/0.7/0.7
RXCJ0043.4-2037 0.292 00 43 24.4 .20 37 17 X-ray 8.0175:39 6.3870-82 9.973-8% 7.2275-93 Babyk et al. (2014) 200 0.27/0.73/0.73
2.82 2.88 3.55 3.56 )
RXCJ0516.7-5430 0.294 05 16 35.2 -54 16 37 X-ray 2.4112-82 10.4472-58 3.0313-5° 12897536 Ettori et al. (2011) 200 0.3/0.7/0.7
RXCJ0516.7-5430 0.294 05 16 35.2 54 16 37 X-ray 2.4575:55 13.06 7152 3.1375:98 17481198 Babyk et al. (2014) 200 0.27/0.73/0.73
Abell 2537 0.295 23 08 23.2 -02 11 31 X-ray 4.8870-2% 16127219 61793 18.897253 Babyk et al. (2014) 200 0.27/0.73/0.73
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Abell 2537 0.295 23 08 23.2 -02 11 31 X-ray 4837232 7.5815-88 5.9313-78 8.7a17-28 Schmidt & Allen (2007) virial 0.3/0.7/0.7
MS 1008.1-1224 0.301 10 10 32.2 .12 39 55 X-ray 4.4 34.0 5.4 39.0 Molikawa et al. (1999) virial 0.3/0.7/0.5
RXCJ1131.9-1955 0.307 11 31 54.4 19 55 42 X-ray 2.437518 1131422 3.04T535 13.01 7307 Ettori et al. (2011) 200 0.3/0.7/0.7
RXCJ1131.9-1955 0.307 1131 54.4 19 55 42 X-ray 2.557121 15437135 3.2411-58 1917738 Babyk et al. (2014) 200 0.27/0.73/0.73
+0.15 +2.14 +0.19 +2.78
Abell 2744 0.308 00 14 18.9 30 23 22 X-ray 1721015 22174214 2.2240-19 28831278 Babyk et al. (2014) 200 0.27/0.73/0.73
GHO132029+3155 0.308 13 22 48.77  +31 39 17.8 WL 12.373-2 3.970-8 148738 43107 Sereno et al. (2014) 200 0.3/0.7/0.7
GHO132029+3155 0.308 13 22 48.77  +31 39 17.8 WL 7177278 3.0319-57 8.8113:33 3.4310-55 Oguri et al. (2012b) virial 0.275/0.725/0.702
GHO132029+3155 0.308 13 22 48.77 43189178  WL4SL  12.8675 71 2.6879-47 15671552 2.9570-52 Oguri et al. (2012b) virial 0.275/0.725/0.702
1.2 . 1.5 .
MS 2137.3-2353 0.313 21 40 15.2 -23 39 40 SL 9.573-29 411878 11.47+1-56 4557083 Donnarumma et al. (2009) 200 0.3/0.7/0.7
MS 2137.3-2353 0.313 21 40 15.2 -23 39 40 X-ray 8.6870- 71 4.4375-25 10.4079-86 4.9370-28 Donnarumma et al. (2009) 200 0.3/0.7/0.7
MS 2137.3-2353 0.313 21 40 15.2 -23 39 40 WL 52799 102724 6.atl 1 17729 Sereno et al. (2014) 200 0.3/0.7/0.7
MS 2137.3-2353 0.313 21 40 15.2 -23 39 40 wL+sL 31708 104766 40787 126708 Merten et al. (2014) 2500/200/virial  0.27/0.73/0.7
MS 2137.3-2353 0.313 21 40 15.2 -23 39 40 SL 13.0719 2.010-4 16.0719 3.270-4 Comerford & Natarajan (2007b)  200/virial 0.3/0.7/0.7
+0.77 +0.63 +0.91 +0.71 )
MS 2137.3-2353 0.313 21 40 15.2 -23 39 40 SL 1192077 7.56170-83 143417091 8.2070-71 Gavazzi (2005) 200 0.3/0.7/0.7
MS 2137.3-2353 0.313 21 40 15.2 23 39 40 SL 125729 7.9 15.0789 8.6 Gavazzi et al. (2003) 200 0.3/0.7/None
MS 2137.3-2353 0.313 21 40 15.2 -23 39 40 SL 172 7.23719 1417325 7.9373-17 Gavazzi (2002) 200 0.3/0.7/None
MS 2137.3-2353 0.313 21 40 15.2 -23 39 40 WL 12.0732:0 9.3185.4 14.0712-0 10.07209-0 Gavazzi et al. (2003) 200 0.3/0.7/None
+0.55 +0.47 +0.65 +0.53 .
MS 2137.3-2353 0.313 21 40 15.2 23 39 40 wL+sL  11.73+0-8% 7721047 14111068 8.4779-53 Gavazzi (2005) 200 0.3/0.7/0.7
0.58 0.81 0.69 0.94 ) .
MS 2137.3-2353 0.313 21 40 15.2 -23 39 40 X-ray 7.2176-58 4.710-81 8.7579-09 5.2778-94 Schmidt & Allen (2007) virial 0.3/0.7/0.7
MS 2137.3-2353 0.313 21 40 15.2 23 39 40 X-ray 5.28T2- 31 8.0132:0 6.447287 9.1139:0 Voigt & Fabian (2006) 200/2E4 0.3/0.7/0.7
MS 2137.3-2353 0.313 21 40 15.2 -23 39 40 X-ray 8711522 4.2570-82 1057712 4.7279:96 Allen et al. (2003) 200 0.3/0.7/0.5
MS 2137.3-2353 0.313 21 40 15.2 23 39 40 X-ray 12.4 11.0 14.9 12.0 Molikawa et al. (1999) virial 0.3/0.7/0.5
MACSJ0242.6-2132 0.314 02 42 35.9 -21 32 26 X-ray 7.88f11'g‘§ 27.4411-99 9.6913-92 30.9712:25 Babyk et al. (2014) 200 0.27/0.73/0.73
MACSJ0242.6-2132 0.314 02 42 35.9 -21 32 26 X-ray 6.607523 1.8571-%% 8.1271-36 5.4771:92 Schmidt & Allen (2007) virial 0.3/0.7/0.7
MACSJ1427.6-2521 0.318 14 27 39.4 25 21 02 X-ray 8.2871-99 25.0472-38 10161242 28.1672:85 Babyk et al. (2014) 200 0.27/0.73/0.73
+0.38 +5.16 +0.48 +6.26
Abell 1995 0.318 14 52 56.1 +58 02 56 X-ray 3.1779:38 45.3275-19 3.9970-48 54.9675-28 Babyk et al. (2014) 200 0.27/0.73/0.73
MS 0353.6-3642 0.32 03 55 33.3 36 34 18 X-ray 4.84 32.0 5.91 36.0 Molikawa et al. (1999) virial 0.3/0.7/0.5
MACSJ12229.8-2756 0.324 22 29 45.2 .27 55 37 X-ray 8.5471:97 146.0673-92 10.4672-03 51.671352 Babyk et al. (2014) 200 0.27/0.73/0.73
MACSJ2229.8-2756 0.324 22 29 45.2 .27 55 37 X-ray 7.71+3-6¢ 2.74172:02 9.3173-34 3.0612-38 Schmidt & Allen (2007) virial 0.3/0.7/0.7
MS 1224.742007 0.327 12 27 13.5 +19 50 55 X-ray 11.3 9.2 13.5 10.0 Molikawa et al. (1999) virial 0.3/0.7/0.5
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MS 1358.446245 0.328 13 59 53.1 +62 31 16 X-ray 5.84 26.0 7.09 29.0 Molikawa et al. (1999) virial 0.3/0.7/0.5

CL 2244-0221 0.33 22 47 12.6 -02 05 40 SL 43104 45109 5.210-8 52117 Comerford & Natarajan (2007b)  200/virial 0.3/0.7/0.7
RCSJ215640123 0.335 15 47 34.2 +26 38 29. X-ray 1237041 22.875-28 61953 30.797%-43 Babyk et al. (2014) 200 0.27/0.73/0.73
SDSSJ1531+43414 0.335 15 31 10.60  +34 14 25. SL 2,430 35.1729-9 3.0735:0 43.97251 Oguri et al. (2009b) virial 0.26/0.74/0.72
SDSSJ1531+43414 0.335 15 31 10.60  +34 14 25. WL 9.41723:3 5.3735 1157285 5.973-2 Oguri et al. (2009Db) virial 0.26/0.74/0.72
SDSSJ15314+3414 0.335 15 31 10.60  +34 14 25 WL+SL  6.4733 58725 79139 6.6729 Oguri et al. (2009b) virial 0.26/0.74/0.72
SDSSJ153143414 0.335 15 31 10.60  +34 14 25 WL 6.81712 6.4118 s.2t14 72119 Sereno et al. (2014) 200 0.3/0.7/0.7
SDSSJ1531+3414 0.335 15 31 10.60  +34 14 25 WL 4.8472-06 1.0871-58 5.9675-27 5.7571-83 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ1531+43414 0.335 15 31 10.60  +34 14 25 wLtsL 6811329 454118 8.327137 5137133 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ162140607 0.342 16 21 32.36  +06 07 19 WL 44110 71123 54112 8.272-8 Sereno et al. (2014) 200 0.3/0.7/0.7
SDSSJ162140607 0.342 16 21 32.36 406 07 19. WL 3.a7ti82 5.5873 12 3.9477°59 6.68735% Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJI162140607 0.342 16 21 32.36  +06 07 19. WL4+SL 4527317 5.0871-77 5.567144 5.8072:05 Oguri et al. (2012b) virial 0.275/0.725/0.702
MACSJ0947.2+7623 0.345 09 47 13.0 +76 23 14 X-ray 5417186 10691841 6.54722 12.151210.04 Schmidt & Allen (2007) virial 0.3/0.7/0.7
RXCJ2248.7-4431 0.348 22 48 43.5 44 31 44 WL 26715 33.179-8 3.3719 1077318 Gruen et al. (2013) 200 0.27/0.73/0.72
RXCJ2248.7-4431 0.348 22 48 43.5 44 31 44 WL 71138 12,6743 8.3 141731 Sereno et al. (2014) 200 0.3/0.7/0.7
RXCJ2248.7-4431 0.348 22 48 43.5 _44 31 44 WL4+SL 3.2458'_3 116712 40t 140712 Merten et al. (2014) 2500/200/virial  0.27/0.73/0.7
MACSJ1115.840129 0.352 11 15 52.0 +01 29 55 WL 41708 15.0759 50719 175748 Sereno et al. (2014) 200 0.3/0.7/0.7
MACSJ1115.8+0129 0.352 11 15 52.0 +01 29 55 X-ray 2.2310-53 23A59fé'&g 2.81t8:gg 29.4215-2 Babyk et al. (2014) 200 0.27/0.73/0.73
MACSJ1115.840129 0.352 11 15 52.0 101 29 55 wrtsL 23707 9.019-9 2.976-9 113710 Merten et al. (2014) 2500/200/virial ~ 0.27/0.73/0.7
MACSJ1931.8-2635 0.352 19 31 49.6 -26 34 34 WL 5.9753 123777 71159 12.0793 Sereno et al. (2014) 200 0.3/0.7/0.7
MACSJ1931.8-2635 0.352 19 31 49.6 -26 34 34 X-ray 4117936 32.7873:91 5.0970-45 38.597%5, Babyk et al. (2014) 200 0.27/0.73/0.73
MACSJ1931.8-2635 0.352 19 31 49.6 26 34 34 WL+SL  3.2799 6.970-3 ER 8.319-8 Merten ot al. (2014) 2500/200/virial  0.27/0.73/0.7
MACSJ1931.8-2635 0.352 19 31 49.6 -26 34 34 X-ray 3117187 16.273% 3.8112:22 19.2759 o Schmidt & Allen (2007) virial 0.3/0.7/0.7
RXJ1532.9+3021 0.3615 15 32 53.8 +30 20 58 WL 75723 47118 9.072-7 5.271-9 Sereno et al. (2014) 200 0.3/0.7/0.7
RXJ1532.943021 0.3615 15 32 53.8 430 20 58 X-ray 2777228 19.07975,0 3.472-7, 23.071906-0 Voigt & Fabian (2006) 200/2E4 0.3/0.7/0.7
SDSSJ1152+43313 0.362 11 52 00.15 433 13 42. WL 125749 13766 149747 14787 Sereno et al. (2014) 200 0.3/0.7/0.7
SDSSJ115243313 0.362 11 52 00.15  +33 13 42. WL 23.02730-25  0.6873 37 27.5473327  o0.731(8% Oguri et al. (2012b) virial 0.275,/0.725,/0.702
SDSSJ115243313 0.362 11 52 00.15  +33 13 42. WL+SL  14.45T28,05 0751080 173812243 0 go10.94 Oguri et al. (2012b) virial 0.275/0.725/0.702
MACSJ1532.943021 0.363 15 32 53.8 430 20 58 WwL4+SL  3.071% 5.370-8 3.8717 6.479-9 Merten et al. (2014) 2500/200/virial  0.27/0.73/0.7
MACSJ1532.9+3021 0.363 15 32 53.8 +30 20 58 X-ray 4.m1T1-52 8.4675-99 5.607158 9.677 %19 Schmidt & Allen (2007) virial 0.3/0.7/0.7
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SDSSJ0851+3331 0.37 08 51 38.86  +33 31 06.1 WL 86126 71129 103731 79123 Sereno et al. (2014) 200 0.3/0.7/0.7
SDSSJ0851+3331 0.37 08 51 38.86  +33 31 06.1 WL 461277 6.3617312 5.621339 7.3372-24 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ0851+3331 0.37 08 5138.86 43331061 WLSL 7.8728, 5.5071:62 9.4473-15 6.24718, Oguri et al. (2012b) virial 0.275/0.725/0.702
MS 1512.443647 0.372 15 14 25.1 +36 36 30 X-ray 7.82 7.2 9.35 7.9 Molikawa et al. (1999) virial 0.3/0.7/0.5
0.91 3.92 1.09 4.41 -
Abell 370 0.375 02 39 50.5 -01 35 08 WL 5.8370-91 31.1475:92 7.073-99 35.017%2% Umetsu et al. (2011b) virial 0.3/0.7/0.7
MACSJ0011.7-1523 0.379 00 11 42.9 -15 23 22 X-ray 4017623 48.3413-82 4047028 56.76 7555 Babyk et al. (2014) 200 0.27/0.73/0.73
BCS J2352-5452 0.3838 23 51 38.0 -54 52 53 WL 49739 5.01729 5.0747 571733 Buckley-Geer et al. (2011) 200 0.3/0.7/0.7
BCS J2352-5452 0.3838 23 51 38.0 54 52 53 wLisL 55727 4.072-9 6.6732 56732 Buckley-Geer et al. (2011) 200 0.3/0.7/0.7
MACSJ1720.3+3536 0.391 17 20 16.8 +35 36 26 WL 617713 101728 73718 114781 Sereno et al. (2014) 200 0.3/0.7/0.7
MACSJ1720.3+3536 0.391 17 20 16.8 +35 36 26 X-ray 5.2579-5% 4077547 6.479-74 46.7275-93 Babyk et al. (2014) 200 0.27/0.73/0.73
MACSJ1720.3+43536 0.391 17 20 16.8 +35 36 26 wL+sL 4371 75708 5.2717 8.870-% Merten et al. (2014) 2500/200/virial  0.27/0.73/0.7
MACSJ1720.3+3536 0.391 17 20 16.8 +35 36 26 X-ray 43720 9.0174-93 5.2671:42 10317553 Schmidt & Allen (2007) virial 0.3/0.7/0.7
ZwCl 0024.0+1652 0.395 00 26 35.7 +17 09 46 WL 717189 177439 8.8272:25 196617332 Umetsu et al. (2011b) virial 0.3/0.7/0.7
ZwCl 0024.0+1652 0.395 00 26 35.7 +17 09 46 WL4sL  22.0720 57718 26.07 %" 6.111-2 Kneib et al. (2003) 200 0.3/0.7/0.65
SDSSJ0915+3826 0.397 09 15 39.00  +38 26 58.5 WL 132758 1.9767 15.67594 21198 Sereno et al. (2014) 200 0.3/0.7/0.7
SDSSJ0915+3826 0.397 09 15 39.00  +38 26 58.5 WL 33.62790 0 861028 3081790 o 0011080 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ0915+3826 0.397 09 15 39.00  +38 26 58.5  WL+SL  22.65170%85 0757037 26.02712-9 08705 Oguri et al. (2012b) virial 0.275,/0.725,/0.702
MACSJ0429.6-0253 0.399 04 29 36.0 -02 53 08 WL 58714 70724 6.011¢ 89128 Sereno et al. (2014) 200 0.3/0.7/0.7
MACSJ0429.6-0253 0.399 04 29 36.0 -02 53 08 X-ray 3.367178 1851182 4147217 21.9712-16 Babyk et al. (2014) 200 0.27/0.73/0.73
MACSJ0429.6-0253 0.399 04 29 36.0 -02 53 08 wrtsL  3.3713 s.otl4 4.011-¢ 9.61714 Merten et al. (2014) 2500/200/virial ~ 0.27/0.73/0.7
MACSJ0429.6-0253 0.399 04 29 36.0 -02 53 08 X-ray 7.64F1-57 3.66T3 41 9.007182 4.0511-27 Schmidt & Allen (2007) virial 0.3/0.7/0.7
MACSJ0159.8-0849 0.405 01 59 49.4 -08 49 59 X-ray 5.3570-32 4407484 6.5753, 50.34753% Babyk et al. (2014) 200 0.27/0.73/0.73
MACSJ0159.8-0849 0.405 01 59 49.4 -08 49 59 X-ray 4937101 11597529 501118 13.1377-48 Schmidt & Allen (2007) virial 0.3/0.7/0.7
SDSSJ1343+4155 0.418 13 43 32.85  +41 55 03.4 WL 45118 46718 54713 5.371-9 Sereno et al. (2014) 200 0.3/0.7/0.7
SDSSJ1343+4155 0.418 13 43 32.85  +41 55 03.4 WL 3.7671-99 3.3571-78 4.5775:98 3.8972-97 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ1343+4155 0.418 1343 32.85  +415503.4  WL4SL 4187039 3.2671:3% 5.077189 3.7671:53 Oguri et al. (2012b) virial 0.275/0.725/0.702
MACS J0416.1-2403 0.42 04 16 09.9 -24 03 58 WL g.0r1 7 86114 9.573:9 9.5717 Sereno et al. (2014) 200 0.3/0.7/0.7
MS 0302.7+1658 0.426 03 05 31.7 +17 10 03 X-ray 7.39 8.5 8.75 9.4 Molikawa et al. (1999) virial 0.3/0.7/0.5
SDSSJ1038+4849 0.43 10 38 42.90  +48 49 18.7 WL 148135 17184 17341 18704 Sereno et al. (2014) 200 0.3/0.7/0.7
15.99 0.66 18.92 0.71 . -
SDSSJ1038+4849 0.43 10 38 42.90 448 49 18.7 WL 176571598 087096 208071892 0.8610-T1 Oguri et al. (2012b) virial 0.275/0.725/0.702
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SDSSJ1038+4849 .43 10384290  +48 49 187  WL+sL 3383700, 07704 39.81790, 0747052 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ122642152 .43 12 26 51.70 421 52 26.0 WL 6.2138 19720 7.4188 2123 Sereno et al. (2014) 200 0.3/0.7/0.7
SDSSJ1226+2152 43 12 26 51.70  +21 52 26.0 WL 5712738 0.71756:51 6.847 5297 0.8175:05 Oguri et al. (2012b) virial 0.275/0.725/0.702
0.0 1.2 0.0 1.27 . .
SDSSJ1226+42152 43 1226 51.70  +215226.0 WL+SL  33.8370.0 o o37fl2) 3081790 0 0397027 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ1226+42149 435 12 26 51.11  +21 49 52.3 WL 49712 10,0754 58717 1.4t Sereno et al. (2014) 200 0.3/0.7/0.7
SDSSJ122642149 435 12 26 51.11 421 49 52.3 WL 4357208 7691517 5.2512-50 8.8113:63 Oguri et al. (2012b) virial 0.275,/0.725,/0.702
SDSSJ122642149 .435 1226 51.11 42149523  WL4SL  4.617 38, 7.5512:58 5.5611%9 8.611328 Oguri et al. (2012b) virial 0.275/0.725/0.702
MAGCS J1206.2-0847 439 12 06 12.2 08 48 01 SL 3.719-2 - 4.410-2 - Eichner et al. (2013) 200 0.272/0.728,/0.702
MACS J1206.2-0847 439 12 06 12.2 -08 48 01 Losvp  7.3724 137718 86728 152723 Biviano et al. (2013) 200 0.3/0.7/0.7
MACS J1206.2-0847 439 12 06 12.2 -08 48 01 oM 44130 163738 53753 18.6773 Biviano et al. (2013) 200 0.3/0.7/0.7
MACS J1206.2-0847 439 12 06 12.2 08 48 01 WL 63718 13.3753 75121 14.9759 Sereno et al. (2014) 200 0.3/0.7/0.7
MACS J1206.2-0847 .439 12 06 12.2 -08 48 01 wL+sL 43713 8.6l ] 52117 10077} Merten ot al. (2014) 2500/200/virial  0.27/0.73/0.7
SDSSJ1329+42243 443 13293449  +224316.2 WL 5.079-9 6.711-3 6.071-9 7.671-8 Sereno et al. (2014) 200 0.3/0.7/0.7
SDSSJ1329+42243 443 1329 34.49  +224316.2 WL 8.3176:13 4447121 9.8077-29 4.071-34 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ1329+42243 443 1329 34.49 42243162 WL+SL 4847098 4.9571-22 5.827 538 5.6211-38 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ0957+0509 448 09 57 39.19 40509 31.9 WL 6.9738 2.0717 8.2750 2.271% Sereno et al. (2014) 200 0.3/0.7/0.7
0.0 0.57 0.0 0.6 . .

SDSSJ0957+0509 .448 09 57 39.19  +05 09 31.9 WL 33.04700  0.0270-57 39.8179:0. 0 0.9775-% Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ0957+0509 448 09 57 89.19 40509 81.9  WL4SL  7.5713 78 1161076 9.0272:47 1.2070-8% Oguri et al. (2012b) virial 0.275/0.725/0.702
MACSJ0329.7-0212 45 03 29 41.5 -02 11 46 WL 9.0723 8.711-8 106727 9.571-9 Sereno et al. (2014) 200 0.3/0.7/0.7
MACSJ0329.7-0212 45 03 29 41.5 -02 11 46 wrtsL 38718 73710 47119 g6t Merten et al. (2014) 2500/200/virial ~ 0.27/0.73/0.7
MACSJ0329.7-0212 45 03 29 41.5 -02 11 46 X-ray 4.74T9T8 6.6272-37 627088 7.4873:93 Schmidt & Allen (2007) virial 0.3/0.7/0.7
SDSSJ1138+2754 451 11 38 08.95 427 54 30.7 WL 3.6703 12,7787 4.3704 147789 Sereno et al. (2014) 200 0.3/0.7/0.7
SDSSJ113842754 451 11 38 08.95 427 54 30.7 WL 2.9211-25 9.497218 3.551152 11.2272-58 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ1138+2754 451 1138 08.95  +27 54307 WL4SL  3.770-5, 8.0471-81 447708, 10357299 Oguri et al. (2012b) virial 0.275/0.725/0.702
RXJ1347.5-1145 451 13 47 30.6 _11 45 10 WL 45112 27,9772 s.atld 31.878-7 Sereno et al. (2014) 200 0.3/0.7/0.7
RXJ1347.5-1145 451 13 47 30.6 -11 45 10 WL 7717297 1933756, 9.087511 21.2675-99 Umetsu et al. (2011b) virial 0.3/0.7/0.7
RXJ1347.5-1145 451 13 47 30.6 -11 45 10 WL+SL  3.9773 116779 4718 135779 Merten et al. (2014) 2500/200/virial ~ 0.27/0.73/0.7
RXJ1347.5-1145 451 13 47 30.6 11 45 10 WL 15.0752-0 27.0126-9 18.0174-0 29.0131-9 Kling et al. (2005) 200 0.3/0.7/0.5
RXJ1347.5-1145 451 13 47 30.6 11 45 10 X-ray 4.7910-98 32.075-1 5.687079 36.177-1 Schmidt & Allen (2007) virial 0.3/0.7/0.7
RXJ1347.5-1145 451 13 47 30.6 -11 45 10 X-ray 4.3771-39 33.0718-0 5.271-92 37.0757-0 Voigt & Fabian (2006) 200/2E4 0.3/0.7/0.7

Continued on neat page

L1T



O XIANAddY

LHSVLVJ TVNOILVAYHESI() TINH

Table C.1 — Continued

Cluster RA Dec Method €200 Mago Cyir Myiy Ref 5 Qm/Qp/h
(1ott M) (10tt M)

RXJ1347.5-1145 451 13 47 30.6 -11 45 10 X-ray 6.3a1151 2371342 7.491 187 26.3716-3 Allen et al. (2003) 200 0.3/0.7/0.5
3C 295 461 14 11 20.5 +52 12 10 X-ray 7797594 3.5710-82 9.15112 3.9310-92 Schmidt & Allen (2007) virial 0.3/0.7/0.7
3C 295 461 14 11 20.5 +52 12 10 X-ray 797171 3.7671-59 9.2072:01 4147175 Allen et al. (2003) 200 0.3/0.7/0.5
MACSJ1621.6+3810 461 16 21 36.0 +38 10 00 X-ray 5.9772:9° 711538 7.0575:32 7.0176-22 Schmidt & Allen (2007) virial 0.3/0.7/0.7
SDSSJ1446+3032 464 14 46 34.02 430 32 58.2  SL 9.8723.7 487320 1177283 5.3735:4 Oguri et al. (2009Db) virial 0.26/0.74/0.72
SDSSJ1446+3032 464 14 46 34.02 430 32 58.2 WL 76155 75128 gatild 8.3122 Oguri et al. (2009b) virial 0.26/0.74/0.72
SDSSJ144643032 464 1446 34.02  +303258.2 WL4SL 69752 7427 8.3139 8.3130 Oguri et al. (2009b) virial 0.26/0.74/0.72
SDSSJ1446+3032 464 14 46 34.02  +30 32 58.2 WL 10.073-9 6.371-8 117148 6.071-9 Sereno et al. (2014) 200 0.3/0.7/0.7
SDSSJ1446+3032 464 14 46 34.02  +30 32 58.2 WL 10651795 3.7373-97 12501962 4077317 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ1446+3032 464 14 46 34.02  +30 32 58.2  WL+SL  10.1675-99 3.7775:99 12.0215-89 4127319 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ11154+5319 1466 11 15 14.85  +53 19 54.6 WL 46717 12.475:8 55730 142794 Sereno et al. (2014) 200 0.3/0.7/0.7
SDSSJ111545319 466 11 15 14.85 453 19 54.6 WL 270, 9.5212-89 2.6611 23 11617552 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ1115+5319 .466 111514.85  +53 10 54.6  WL+SL  4.387 325 9.2072:98 5257551 105017398 Oguri et al. (2012b) virial 0.275/0.725/0.702
RCS2J1055+5548 .466 10 55 04.59  +55 48 23.3 WL 6.a717 50714 75713 6.671-% Sereno et al. (2014) 200 0.3/0.7/0.7
RCS2J1055+5548 .466 10 55 04.59  +55 48 23.3 WL 516732 4557132 617297 5137172 Oguri et al. (2012b) virial 0.275/0.725/0.702
RCS2J1055+5548 466 10 55 04.59  +55 48 23.3  WL4SL 6221038 4.207 347 741714 4797131 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ1456+45702 484 14 56 00.78  +57 02 20.3 WL 156728 43707 181752 46708 Sereno et al. (2014) 200 0.3/0.7/0.7
SDSSJ145645702 484 14 56 00.78 457 02 20.3 WL aty8e 5.56171-59 2.9211-65 6.68172-03 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ1456+5702 484 1456 00.78  +57 02203  WL4SL  10.3371%38  9.540-8 22,6545 2.6010-80 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ1632+43500 .49 16 32 10.26  +35 00 29.7 WL 10,0754 5.0t14 127131 54718 Sereno et al. (2014) 200 0.3/0.7/0.7
SDSSJ1632+43500 49 16 32 10.26  +35 00 29.7 WL 557512 3.777153 6.537 %27 4221174 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ1632+3500 .49 1632 10.26  +3500 29.7  WL4SL  7.275:03 367143 8.517592 3.908T158 Oguri et al. (2012b) virial 0.275/0.725/0.702
MACSJ1311.0-0311 494 13 11 01.9 -03 10 36 X-ray 5.017673 55.1173-81 5.90070-87 62.6755, Babyk et al. (2014) 200 0.27/0.73/0.73
MACSJ1311.0-0311 494 13 11 01.9 -03 10 36 wLtsL 44719 46793 53711 5.370-4 Merten et al. (2014) 2500/200/virial  0.27/0.73/0.7
MACSJ1311.0-0311 494 13 11 01.9 -03 10 36 X-ray 4.4271-39 6.227571 s.22116) 7.0275-38 Schmidt & Allen (2007) virial 0.3/0.7/0.7
WARP J0030.5+2618 5 00 30 33.2 +26 18 19 WL 20118 7.2173-8 2.412:2 8.715% Israel et al. (2010) 200 0.3/0.7/0.72
SDSSJ1152+40930 517 11 52 47.38  +09 30 14.7 WL 31118 7.072-8 37719 81133 Sereno et al. (2014) 200 0.3/0.7/0.7
SDSSJ115240930 517 11 52 47.38 409 30 14.7 WL 1347307 5.64128 1661353 7.2413-59 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ1152+40930 517 1152 47.38 409 80 147  WL+4SL  2.9670-TT 4.0272-19 3.5570-92 5.75172:56 Oguri et al. (2012b) virial 0.275/0.725/0.702
MACSJ1423.8+2404 543 14 23 47.6 +24 04 40 X-ray 3.3370-05 48.217472 3.987078 55.977348 Babyk et al. (2014) 200 0.27/0.73/0.73
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MACSJ1423.8+42404 543 14 23 47.6 +24 04 40 WL+sL 47712 57719 57128 6.5711 Merten et al. (2014) 2500/200/virial  0.27/0.73/0.7
MACSJ1423.842404 543 14 23 47.6 +24 04 40 X-ray 7.60707 5281013 8.0210-81 57727 Schmidt & Allen (2007) virial 0.3/0.7/0.7
MACS J1149.5+2223 544 11 49 35.1 +22 24 11 WL 27794 26.6747 3.2705 31.075-8 Sereno et al. (2014) 200 0.3/0.7/0.7
MACS JO717.5+3745 546 07 17 30.9 +37 45 30 WL 5.2112 28.4F4 1 6.1t 31.775-0 Sereno et al. (2014) 200 0.3/0.7/0.7

MS 0015.941609 546 00 18 33.8 +16 26 17 X-ray 4.37 93.3 5.11 105.0 Molikawa et al. (1999) virial 0.3/0.7/0.5

MS 0451.6-0305 55 04 54 11.1 -03 00 54 SL 55103 18.072:9 6.4103 20.0729 Comerford & Natarajan (2007b)  200/virial 0.3/0.7/0.7
SDSSJ1209+2640 561 12 09 23.68  +26 40 46.7 WL 6.7113 7.7t2] 781138 85124 Sereno et al. (2014) 200 0.3/0.7/0.7
SDSSJ1209+2640 561 12 09 23.68  +26 40 46.7 WL 4.8073-14 6.1072:22 5757559 6.0272-52 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ1209+2640 561 1200 23.68  +26 40 46.7  WL+SL  6.7171-38 5.4871-59 7.8571-59 6.0371-83 Oguri et al. (2012b) virial 0.275/0.725/0.702
RXJ0848.7+4456 57 08 48 47.2 +44 56 17 X-ray 0.8275-0% 3.3270-73 21006 4.4279-97 Babyk et al. (2014) 200 0.27/0.73/0.73
SDSSJ1029+2623 584 1020 12,48 +26 23320  WL+4SL  22.317;%2% 2087097 2577141 2.2175-37 Oguri et al. (2013) virial 0.275,/0.725,/0.702
SDSSJ1029+42623 584 10 29 12.48 426 23 32.0 WL 9.274:3 2.019-7 106759 31108 Sereno et al. (2014) 200 0.3/0.7/0.7
SDSSJ1029+2623 584 10 29 12.48  +26 23 32.0 WL 9.807 1251 1.8570:68 11.48F14.52 50 +0.78 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ1029+2623 584 10 20 12.48 426 23 32.0 WL+SL  9.5675-2% 1.8670:62 11001956 2.0279-97 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ1315+45439 588 13 15 09.30  +54 37 51.8 WL 123745 531714 141131 57718 Sereno et al. (2014) 200 0.3/0.7/0.7
SDSSJ1315+45439 588 13 15 09.30  +54 37 51.8 WL 8.127 1374 4.0671:57 9.44T 1597 4.427 182 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ1315+5439 588 1315 09.30  +54 37 51.8  WL+SL 832712334 4011152 9.66 13453 4.3711-56 Oguri et al. (2012b) virial 0.275,/0.725,/0.702
MACSJ2129.4-0741 589 21 29 26.2 -07 41 26 X-ray 71958 96.66110-29 2 5f8'ig 117A61f£é§ Babyk et al. (2014) 200 0.27/0.73/0.73
MACSJ0647.7+7015 59 06 47 50.5 +70 14 55 WL 7.372:8 11,4130 8.at3:9 125755 Sereno et al. (2014) 200 0.3/0.7/0.7
MACSJ0647.7+7015 59 06 47 50.5 +70 14 55 X-ray 107942 89.517 50,44 1237019 1153771387 Babyk et al. (2014) 200 0.27/0.73/0.73
SDSSJ105040017 6 10 50 39.90 400 17 07.1 WL 101743 77719 116749 8.3122 Sereno et al. (2014) 200 0.3/0.7/0.7
SDSSJ1050+0017 6 10 50 39.90  +00 17 07.1 WL a.zzfg-gg 6.22f}gg 7.24f52’-36‘§ 6.8a11-97 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ105040017 6 10 50 89.90 400 17 07.1  WL4SL  6.157 417 6.2171-79 7.1673-89 6.8471-97 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ1420+3955 607 14 20 40.33  +39 55 09.8 WL a3+t 8.0t2-7 50713 100752 Sereno et al. (2014) 200 0.3/0.7/0.7
SDSSJ1420+3955 607 14 20 40.33  +39 55 09.8 WL 8.2475 32 6.36172-02 9.5575-3 6.9272-2 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ1420+43955 607 14 20 40.33  +39 55 09.8  WL+SL 307038 6.7372:24 4.577332 7.5972-53 Oguri et al. (2012b) virial 0.275/0.725/0.702
3C 220.1 62 09 32 39.6 +79 06 32 SL 4.370-2 311793 5.0792 3.579% Comerford & Natarajan (2007b)  200/virial 0.3/0.7/0.7
SDSSJ2111-0114 .638 2111 19.34  -01 14 23.5 SL 13.9720:9 511121 16.0723-9 551550 Oguri et al. (2009b) virial 0.26/0.74/0.72
SDSSJ2111-0114 638 21 11 19.34  -01 14 23.5 WL 2.0122:4 8.573-8 1417259 9.275-1 Oguri et al. (2009b) virial 0.26/0.74/0.72
SDSSJ2111-0114 638 2111 19.34  -01 14 23.5 WL4sL 1221224 8.573-8 1417259 9.275-1 Oguri et al. (2009b) virial 0.26/0.74/0.72
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SDSSJ2111-0114 .638 2111 19.34  -01 14 23.5 WL 51138 57127 501743 6.3732 Sereno et al. (2014) 200 0.3/0.7/0.7
SDSSJ2111-0114 .638 2111 19.34  -01 14 23.5 WL 1sotle, 4.9212-12 1911168 6.0372-28 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ2111-0114 638 2111 19.34  -01 14 23.5 wrtst 411278 4.6972-17 4.7913-16 5.2572-33 Oguri et al. (2012b) virial 0.275/0.725/0.702
RCSJ1419.2+45326 .64 1419 12.0 +53 26 00 X-ray 6.247873 12.0171-62 7.2570-85 14257181 Babyk et al. (2014) 200 0.27/0.73/0.73
SDSSJ1110+46459 659 11 10 17.70  +64 59 47.8 WL 122749 44719 139735 a7t21 Sereno et al. (2014) 200 0.3/0.7/0.7
3.45 2.05 3.92 2.15 . .

SDSSJ1110+6459 659 1110 17.70  +64 59 47.8 WL 31557545 0 1.97+2.08 35.8073:92  207+2:15 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ111046459 659 1110 17.70  +64 59 47.8  WL4SL  19.61713:28  9.13+2-27 223971742 9 96+2-41 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ1004+4112 .68 10 04 34.18  +41 12 43.5 WL s.5T94 2.671-9 9.7749 2.8721 Sereno et al. (2014) 200 0.3/0.7/0.7
SDSSJ1004+4112 .68 10 04 34.18  +41 12 43.5 WL 3.81726,08 2.5273-88 4.42130.26 2.827%-32 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ1004+4112 .68 10 04 34.18  +411243.5  WL+SL  7.24710.33 2.0372-21 8.327 1187 2217242 Oguri et al. (2012b) virial 0.275/0.725/0.702
SDSSJ1004+4112 68 10 04 34.18 441 12 43.5  SL 5.0 3.87 6.0 4.25 Williams & Saha (2004) 200 0.3/0.7/0.7
MACSJ0744.943927 686 07 44 52.5 +39 27 27 WL 71128 12,9733 g.1t29 14.0758 Sereno et al. (2014) 200 0.3/0.7/0.7
MACSJ0744.9+3927 686 07 44 52.5 +39 27 27 X-ray 1.01+3-37 106.48+8-82 1.22+0-4% 13402111 Babyk et al. (2014) 200 0.27/0.73/0.73
MACSJ0744.943927 686 07 44 52.5 139 27 27 witsL 41719 70784 48112 7.079-4 Merten et al. (2014) 2500/200/virial  0.27/0.73/0.7
MACSJ0744.9+3927 .686 07 44 52.5 +39 27 27 X-ray 4.3271-28 8.8375-8% 4051161 9.7875-8 Schmidt & Allen (2007) virial 0.3/0.7/0.7

) 20+0.37 oy +5.22 0.44 6.07 20
RXJ1221.44+4918 7 12 21 24.5 +49 18 13 X-ray 2.39t0'35 46.64f3_49 2.31450'41 54.23t4_06 Babyk et al. (2014) 200 0.27/0.73/0.73

+0.73 +0.73 +0.85 +0.83
RXJ1113.1-2615 72 1113 05.2 .26 15 26 X-ray 3.287073 5.310-78 3.8170:85 6.0279-83 Babyk et al. (2014) 200 0.27/0.73/0.73
RCSJ1107.3-0523 735 11 07 22.8 -05 23 49 X-ray 31510568 27f8-1§ 3.6610-55 5.9970-84 Babyk et al. (2014) 200 0.27/0.73/0.73
RCSJ0224-0002 778 02 24 00.0 -00 02 00 X-ray 2.7870-25 10514111 3.2270-29 11991127 Babyk et al. (2014) 200 0.27/0.73/0.73
CLG 1137.5+6625 78 11 40 23.9 +66 08 19 WL 3.6719 9.374:8 4at21 104734 Sereno et al. (2014) 200 0.3/0.7/0.7
RCSJ2318.540034 78 23 18 31.5 +00 34 18 X-ray 1187019 28.3775 1% 147023 34.4975-9. Babyk et al. (2014) 200 0.27/0.73/0.73
MS 1137.546625 783 11 40 23.9 +66 08 19 SL 3.3702 6.5707 38702 7.270-8 Comerford & Natarajan (2007b)  200/virial 0.3/0.7/0.7
RX J1716.6+6708 81 17 16 49.6 +67 08 30 WL 5.0147 5.073-4 5.7132 551749 Sereno et al. (2014) 200 0.3/0.7/0.7
MS 1054-0321 83 10 56 59.5 03 37 28 WL 0.979-8 23.07164 11769 2817225 Sereno et al. (2014) 200 0.3/0.7/0.7
CL J0152-1357 .84 01 52 41.0 -13 57 45 WL 113759 2.079-8 12.6743 31197 Sereno et al. (2014) 200 0.3/0.7/0.7
RCSJ1620.2+2929 .87 16 20 12.0 +29 29 00 X-ray 4.3870-72 7.5771:92 4.0879-82 8.3571:13 Babyk et al. (2014) 200 0.27/0.73/0.73
CLJ 1226.9+3332 .89 12 26 58.0 +33 32 54 WL 43711 101723 48712 111728 Sereno et al. (2014) 200 0.3/0.7/0.7
CLJ 1226.943332 .89 12 26 58.0 +33 32 54 WwL+sL  4.0709 156719 45T11 1727 1) Merten et al. (2014) 2500/200/virial  0.27/0.73/0.7
) +0.32 +15.26 +0.37 +17.52 ) L

CLJ 1226.9+3332 .89 12 26 58.0 +33 32 54 X-ray 2.0476-32 143.10115-26 5 354037 164.38F17-52  Babyk et al. (2014) 200 0.27/0.73/0.73
CLJ 1226.9+3332 .89 12 26 58.0 +33 32 54 X-ray 7.9717 6.871-9 88719 72717 Maughan et al. (2007) 200 0.3/0.7/0.7

Continued on neat page
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Table C.1 — Continued
Cluster RA Dec Method €200 Mago Cyir Myiy Ref 5 Qm/Qp/h
(1ott M) (10tt M)
CLJ1604+4304 9 16 04 25.1 +43 04 53 WL 9.4138 40724 10.5F84 42128 Sereno et al. (2014) 200 0.3/0.7/0.7
RCS J2319.84+0038 904 23 19 53.3 +00 38 13 X-ray 3.2710-58 40.9673-25 3.7270-04 45747378 Babyk et al. (2014) 200 0.27/0.73/0.73
RCS J2319.840038 .904 23 19 53.3 +00 38 13 WL 115748 2.479-9 1281383 25719 Sereno et al. (2014) 200 0.3/0.7/0.7
RCSJ0439-2904 .951 04 39 38.0 -29 04 55 WL 73749 3.071-3 CRRE 3.271-3 Sereno et al. (2014) 200 0.3/0.7/0.7
RCSJ0439-2904 951 04 39 38.0 -29 04 55 X-ray 4.12179-2° 3.7979-58 4.6570-28 4177592 Babyk et al. (2014) 200 0.27/0.73/0.73
XMMU J1230.3+41339 97 12 30 17.0 +13 39 01 WL 407340 8.8 2 457158 9.71748 Lerchster et al. (2011) 200 0.27/0.73/0.72
XMMU J1230.3+1339 .97 12 30 17.0 +13 39 01 WL 2121 24.41134 24123 2751188 Sereno et al. (2014) 200 0.3/0.7/0.7
RCS J1511.040903 .97 15 11 03.8 +09 03 15 WL 114185 167907 12,6789 17788 Sereno et al. (2014) 200 0.3/0.7/0.7
XMMU J1229.440151 .98 12 29 28.8 +01 51 34 WL 05796 3417329 0.6757 43.373%-2 Sereno et al. (2014) 200 0.3/0.7/0.7
RCS 0221-0321 .02 02 21 41 -03 21 47 WL 116732 16758 128737 17788 Sereno et al. (2014) 200 0.3/0.7/0.7
RCS J0220.9-0333 .03 02 20 55.7 -03 33 10 WL 561759 40721 62758 43124 Sereno et al. (2014) 200 0.3/0.7/0.7
WARP J1415.1+43612 .03 14 15 11.1 +36 12 03 WL 40727 3.3723 45723 3.6172% Sereno et al. (2014) 200 0.3/0.7/0.7
RCS J2345-3632 .04 23 45 27.3 36 32 50 WL 27726 23717 3.072:9 2.572-0 Sereno et al. (2014) 200 0.3/0.7/0.7
RCS J2156.7-0448 .07 21 56 42.1 -04 48 04 WL 7.975-4 0.079-7 87759 10788 Sereno et al. (2014) 200 0.3/0.7/0.7
RCS J0337-2844 1 03 37 50.4 -28 44 28 WL 3.3759 5.075-3 37743 6.5751 Sereno et al. (2014) 200 0.3/0.7/0.7
RXJ0910.745422 11 09 10 45.0 +54 22 08 X-ray 2.64702% 64.9272-57 2.9670-28 72.15753 Babyk et al. (2014) 200 0.27/0.73/0.73
RXJ0910.7+5422 a1 09 10 45.0 +54 22 08 WL 6.6739 3.3713 73142 35118 Sereno et al. (2014) 200 0.3/0.7/0.7
ISCS J1432.4+3332 11 14 32 29.1 +33 32 48 WL 20118 7.313-3 2.2717 8.218-2 Sereno et al. (2014) 200 0.3/0.7/0.7
XMMU J2205.8-0159 12 22 05 50.2 -01 59 29 WL 47138 2.071-3 5.2735:6 2.271-8 Sereno et al. (2014) 200 0.3/0.7/0.7
XLSS J0223-0436 22 02 23 03 -04 36 18 WL 08759 25.4731-8 09719 20.8738-2 Sereno et al. (2014) 200 0.3/0.7/0.7
RDCS J1252-2927 24 12 52 54.4 .29 27 17 WL 46717 6.3717 50718 6.87195 Sereno et al. (2014) 200 0.3/0.7/0.7
ISCS J1434.5+3427 24 14 34 28.5 +34 26 22 WL 59781 2.3719 6.575S 24721 Sereno et al. (2014) 200 0.3/0.7/0.7
RDCS J0849+44452 .26 08 48 56.2 +44 52 00 WL 28110 3.411°8 3atid 37118 Sereno et al. (2014) 200 0.3/0.7/0.7
ISCS J1429.343437 .26 14 29 18.5 +34 37 25 WL 0.479:5 39.07281 05796 4887914 Sereno et al. (2014) 200 0.3/0.7/0.7
RXJ0849+4452 .26 08 53 43.6 +35 45 53.8  X-ray 1147811 4.6779-98 1287012 5.3715-7¢ Babyk et al. (2014) 200 0.27/0.73/0.73
RDCS J0848+4453 27 08 48 34.2 +44 53 35 WL 2.81749 21124 31748 2.372-8 Sereno et al. (2014) 200 0.3/0.7/0.7
ISCS J1432.64-3436 .36 14 32 38.3 +34 36 49 WL 5.375:3 3.4727 58759 3.673-0 Sereno et al. (2014) 200 0.3/0.7/0.7
ISCS J1434.7+3519 .37 14 34 46.3 +35 19 45 WL 07199 1117189 0.8+l 13.07301 Sereno et al. (2014) 200 0.3/0.7/0.7
XMMU J2235.3-2557 39 22 35 20.6 25 57 42 WL 2114 1277107 2.3715 1397132 Sereno et al. (2014) 200 0.3/0.7/0.7
ISCS J1438.1+3414 41 14 38 09.5 +34 14 19 WL 6.975-9 2.672-9 75763 2.772-2 Sereno et al. (2014) 200 0.3/0.7/0.7

Continued on neat page

1clT



O XIANAddY

LHSVLVJ TVNOILVAYHESI() TINH

Table C.1 — Continued

Cluster z RA Dec. Method €200 Mago Cyir Myiy Ref 5 Qm/Qp/h
(1ott M) (10tt M)

ISCS J1438.143414 1.41 14 38 09.5 +34 14 19 X-ray 0.5510-95 203.151 1827 0,637 0-00 353.981722-00  Babyk et al. (2014) 200 0.27/0.73/0.73

XMMXCS J2215.9-1738 1.45 22 15 58.5 -17 38 02 WL 8.7t 2.711-8 9.4183 2.871-7 Sereno et al. (2014) 200 0.3/0.7/0.7
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Table C.2: A Summary of The References

Reference # Measurements | # Clusters (Unique) | Method(s)
Babyk et al. (2014) 128 128 X-ray
Sereno et al. (2014) 109 104 WL

Rines & Diaferio (2006) 72 72 CM

Oguri et al. (2012b) 56 28 WL+SL, WL
Ettori et al. (2011) 44 44 X-ray
Wojtak & Lokas (2010) 41 41 LOSVD
Schmidt & Allen (2007) 31 31 X-ray
Okabe et al. (2010) 26 26 WL

Xu et al. (2001) 22 22 X-ray
Abdullah et al. (2011) 20 20 LOSVD
Merten et al. (2014) 19 19 WL+SL
Gastaldello et al. (2007a) 16 16 X-ray
Molikawa et al. (1999) 13 13 X-ray
Voigt & Fabian (2006) 12 12 X-ray
Vikhlinin et al. (2006) 12 12 X-ray
Oguri et al. (2009b) 12 4 WL+SL, SL, WL
Bardeau et al. (2007) 11 11 WL
Pointecouteau et al. (2005) 10 10 X-ray
Allen et al. (2003) 10 10 X-ray
Rines et al. (2003) 9 9 CM

Okabe & Umetsu (2008) 9 9 WL

Lokas et al. (2006) 6 6 LOSVD
Umetsu et al. (2011b) 5} ) WL

Continued on next page
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Table C.2 — Continued from previous page

Reference # Measurements | # Clusters (Unique) | Method(s)
Comerford & Natarajan (2007b) | 5 5 SL

Umetsu et al. (2009) 4 4 WL

Umetsu et al. (2015) 3 1 WL+SL, SL, WL
Pratt & Arnaud (2005) 3 3 X-ray
Halkola et al. (2006b) 3 1 WL+SL, SL, WL
Corless et al. (2009) 3 3 WL

Clowe (2003) 3 3 WL

Clowe & Schneider (2001a) 3 3 WL

Zitrin et al. (2010) 2 1 WL+SL, WL
Umetsu & Broadhurst (2008) 2 1 WL+SL, WL
Okabe et al. (2015) 2 2 WL
Markevitch et al. (1999) 2 2 X-ray
Gavazzi (2005) 2 1 WL+SL, SL
Gavazzi et al. (2003) 2 1 SL, WL
Donnarumma et al. (2009) 2 1 X-ray, SL
Démocles et al. (2010) 2 2 X-ray

Clowe & Schneider (2002) 2 2 WL
Buckley-Geer et al. (2011) 2 1 WL+SL, WL
Biviano et al. (2013) 2 1 CM, LOSVD
Zitrin et al. (2011) 1 1 WL+SL
Zekser et al. (2006) 1 1 SL

Williams & Saha (2004) 1 1 SL

Wang et al. (2005) 1 1 X-ray
Schirmer et al. (2010) 1 1 WL

Continued on next page
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Table C.2 — Continued from previous page

Reference # Measurements | # Clusters (Unique) | Method(s)
Pointecouteau et al. (2004) 1 1 X-ray
Paulin-Henriksson et al. (2007) 1 1 WL
Okabe et al. (2014) 1 1 WL
Okabe et al. (2011) 1 1 WL
Oguri et al. (2013) 1 1 WL+SL
Medezinski et al. (2007) 1 1 WL
McLaughlin (1999) 1 1 X-ray
Maughan et al. (2007) 1 1 X-ray
Lokas & Mamon (2003) 1 1 LOSVD
Limousin et al. (2007b) 1 1 WL+SL
Lerchster et al. (2011) 1 1 WL
Lewis et al. (2003) 1 1 X-ray
Kubo et al. (2007) 1 1 WL
Kneib et al. (2003) 1 1 WL+SL
Kling et al. (2005) 1 1 WL
King et al. (2002) 1 1 WL
Khosroshahi et al. (2006) 1 1 X-ray
Kelson et al. (2002) 1 1 LOSVD
Israel et al. (2010) 1 1 WL
Gruen et al. (2013) 1 1 WL
Gavazzi et al. (2009) 1 1 WL
Gastaldello et al. (2008) 1 1 X-ray
Gastaldello et al. (2007b) 1 1 X-ray
Gavazzi (2002) 1 1 SL

Continued on next page
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Table C.2 — Continued from previous page

Reference # Measurements | # Clusters (Unique) | Method(s)
Eichner et al. (2013) 1 1 SL
David et al. (2001) 1 1 X-ray
Coe et al. (2010) 1 1 SL
Clowe & Schneider (2001b) 1 1 WL
Buote et al. (2005) 1 1 X-ray
Buote & Lewis (2004) 1 1 X-ray
Broadhurst et al. (2005¢) 1 1 SL
Broadhurst et al. (2005b) 1 1 WL
Bardeau et al. (2005) 1 1 WL
Andersson & Madejski (2004) 1 1 X-ray

APPENDIX C: FULL OBSERVATIONAL DATASET
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