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Clusters as cosmological probes

13.6 The LSST Cluster Sample

on the nature of the cluster detection algorithm and describe both observational e⌦ects as well as

astrophysical e⌦ects tied to cluster physics.

In addition to position and redshift, we characterize our clusters with a set of measurable observ-

ables, SO, such as member galaxy count (richness), X-ray flux or SZ signal. Via the cluster scaling

relations, we use these to construct an estimate of cluster mass, referred to in the following as the

cluster observable mass, MO. The key quantity then is the distribution between the observable

mass and true cluster halo mass, M : P (MO|M, z, ⇥N ). Specifically, this is the probability distri-

bution of MO given the true mass M and redshift; it also depends on a number of parameters, most

notably astrophysical parameters describing cluster physics, which we include among the nuisance

parameters, ⇥N .

The objective is to relate the observed cluster distribution to the theory through the cosmological

parameters, ⇥C :

dN

dzdMO
=

dV

dz
(z, ⇥C)

"
d lnM P (MO|M, z, ⇥N ) ⇧ (M, z, ⇥N )

dn

d lnM
(M, z, ⇥C)

+
dN

dzdMO

⌥⌥⌥⌥
false

(13.15)

Here, the last term accounts for catalog contamination and the quantity dn/d lnM is the mass

function of dark matter halos giving their co-moving number density as a function of mass, redshift

and cosmological parameters. This function can be written as

dn

d lnM
=

✏̄

M
F (M, z,⇥C) (13.16)

where ✏̄ as the co-moving mass density and the function, F , as the multiplicity function – often

simply referred to as the mass function itself. Numerical N–body simulations confirm the theoretical

expectation (Jenkins et al. 2001) for a universal function, F , dependent only on the amplitude of

the matter power spectrum at each redshift: ⇣(M, z, ⇥C) = g(z, ⇥C)⇣(M, z = 0,⇥C), where g
is the linear growth factor (defined so that g = 1 at z = 0). In Gaussian theories, the mass

function is, in fact, an exponential function of this amplitude, giving the method strong leverage

on cosmological parameters.

The cosmological parameters are constrained by fitting the above equation to the observed distri-

bution, dN/dzdMO, and marginalizing over the nuisance parameters, ⇥N , incorporating as much

prior information as possible on the latter. The nuisance parameters account for a host of sys-

tematic e⌦ects in the procedure, and their proper definition is crucial to an unbiased cosmological

analysis including the selection e⌦ects of the sample. Properly defined nuisance parameters allow

us to incorporate what are often strong prior constraints on their values when marginalizing in the

final analysis.

Mock catalogs of a given survey and catalog construction algorithm guide the choice of parame-

ters describing the selection function. We also empirically control cluster selection functions by

comparing di⌦erent kinds of surveys, e.g., optical versus X-ray versus SZ surveys, all of which will

be available in the LSST era. The LSST survey will, in fact, find so many clusters that we will

be able to use comparison of di⌦erent catalog construction methods and di⌦erent selection cuts on

the survey data itself as a powerful control of the selection function.
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From LSST-Science book, Chap 13

Cluster number count, 
as a function of redshift 
and Observed mass (or 

mass proxy)

Volume element, depends on 
cosmological parameters (/

Geometry) Θc

Cluster (astro)physics

13.6 The LSST Cluster Sample

Figure 13.11: Minimum detectable cluster mass as a function of redshift for r, i, z and y bands (blue to red
curves). Cluster detection requires at least ten red–sequence galaxies detected in–band at 10 � and with LR > 0.4L⇥
(Fromenteau et al., in preparation). The dashed lines correspond to single-visit images and the solid lines to the
complete ten–year survey.

Figure 13.12: Estimated cluster photometric redshift errors for single–visit (dashed) and full ten-year (solid) survey
images. They are underestimated because the model uses a single red–galaxy template, but give an idea of the
expected errors and their variation with redshift.
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Cluster mass function, depends on 
cosmology and mean matter density

Cluster mass detection limit in r,i,z,y 
bands (blue-red) - dashed: single 

visit, solid: 10 years survey
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Cluster properties 
✦ Most massive and largest gravitationally bound 

systems in the universe 
✦ Typical sizes: 2-10 Mpc, typical masses: 

10^13-10^15 Msol - 100-1000 galaxies - mean over 
densities : δρ/ρ ∼ 100-1000 

✦ Galaxies, hot gas (x-ray emitting), dark matter
✦ Red galaxies (elliptical) / BCG , with old stars 

and little gas in the central region - spiral galaxies 
in the outer regions 

✦ Observed as group of galaxies in optical surveys, 
extended x-ray emitting sources (hot gas) or 
through the SZ effect in microwave (CMB)   

Andrey V. Kravtsov1 and Stefano Borgani2, Annual 
Review of Astronomy and Astrophysics, (2012)R. Ansari 12/2015

4Monday 7 December 15



2 THE OBSERVED PROPERTIES OF GALAXY CLUSTERS

Fig. 1. Left panel: the composite X-ray/optical image (556 kpc on a side) of the galaxy cluster Abell
1689 at redshift z = 0.18. The purple haze shows X-ray emission of the T ∼ 108 K gas, obtained
by the Chandra X-ray Observatory. Images of galaxies in the optical band, colored in yellow, are
from observations performed with the Hubble Space Telescope. The long arcs in the optical image
are caused by the gravitational lensing of background galaxies by matter in the galaxy cluster, the
largest system of such arcs ever found (Credit:X-ray: NASA/CXC/MIT; Optical: NASA/STScI).
Right panel: the galaxy cluster SPT-CL J2106-5844 at z = 1.133, the most massive cluster known at
z > 1 discovered via its Sunyaev–Sel’dovich (SZ) signal (M200 ≈ 1.3 × 1015 M⊙). The color image
shows the Magellan/LDSS3 optical and Spitzer/IRAC mid-infrared measurements (corresponding
to the blue-green-red color channels). The frame subtends 4.8 × 4.8 arcmin, which corresponds
to 2.4 × 2.4 Mpc at the redshift of the cluster. The white contours correspond to the South Pole
Telescope SZ significance values, as labeled, where dashed contours are used for the negative sig-
nificance values. (Adapted from Foley et al. 2011).

The temperature of the ICM is consistent with velocities of galaxies and indicates that both
galaxies and gas are nearly in equilibrium within a common gravitational potential well.
The mass of galaxies and hot gas is not sufficient to explain the depth of the potential well,
which implies that most of the mass in clusters is in a form of DM. Given that hydrogen
is by far the most abundant element in the Universe, most of the plasma particles are elec-
trons and protons, with a smaller number of helium nuclei. There are also trace amounts of
heavier nuclei some of which are only partially ionized. The typical average abundance of
the heavier elements is about one-third of that found in the Sun or a fraction of one per cent
by mass; it decreases with increasing radius and can be quite inhomogeneous, especially in
merging systems (Werner et al. 2008, for a review).

Thermodynamic properties of the ICM are of utmost importance, because comparing such
properties to predictions of baseline models without cooling and heating can help to isolate
the impact of these physical processes in cluster formation. The most popular baseline
model is the self-similar model of clusters developed by Kaiser (1986), which we consider
in detail in Section 3.9 below. In its simplest version, this model assumes that clusters are
scaled versions of each other, so that gas density at a given fraction of the characteristic

6

Abell 1689 , z=0.18 
HST (optical) + 

Chandra (xray image)
giant arcs

1.8 arcmin = 556 kpc 4.8 arcmin = 2.4 Mpc 

SPT-CLJ2106-5844 , 
z=1.133 Optical / IR 
(Spitzer image) + SZ 

contours (SPT)
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Andrey V. Kravtsov1 and Stefano Borgani2, Annual 
Review of Astronomy and Astrophysics, (2012)

Fig. 2. The mass in stars vs. the mass of hot, X-ray emitting gas. Both masses are measured within
the radius R500 estimated from the observationally calibrated YX − M500 relation, assuming flat
ΛCDM cosmology with Ωm = 1 − ΩΛ = 0.26 and h = 0.71. Red circles show local clusters
located at z < 0.1, whereas magenta squares show higher-redshift clusters: 0.1 < z < 0.6 (see
Lin et al. 2012, for details). The dotted line corresponds to the constant stellar-to-gas mass ratio
M∗,500/Mg,500 = 0.1, whereas the dashed lines correspond to the values of 0.05 and 0.2 for this ratio.

radius of clusters, defined by their mass, is independent of cluster mass. Figure 3 shows the
electron density in clusters as a function of ICM temperature (and hence mass) at different
radii. It is clear that density is independent of temperature only outside cluster core at
r ∼ R500, although there is an indication that density is independent of temperature at
r = R2500 for kBT ! 3 keV. This indicates that processes associated with galaxy formation
and feedback affect the properties of clusters at r " R2500, but their effects are mild at larger
radii.

During the past two decades, it has been established that the core regions of the relaxed
clusters are generally characterized by a strongly peaked X–ray emissivity, indicating effi-
cient cooling of the gas (e.g., Fabian 1994). Quite interestingly, spectroscopic observations
with the Chandra and XMM–Newton satellites have demonstrated that, despite strong X-
ray emission of the hot gas, only a relatively modest amount of this gas cools down to
low temperatures (e.g., Böhringer et al. 2001, Peterson et al. 2001). This result is generally
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6 SUMMARY AND OUTLOOK
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Fig. 17. The potential of future cluster surveys to constrain deviations fromGeneral Relativity (from
Vikhlinin et al. 2009d). The linear growth factor of density perturbations,G(z) = D(z) (not normal-
ized to unity at z = 0), recovered from 2000 clusters, distributed in 20 redshift bins, each containing
100 massive clusters, identified in a high-sensitivity X–ray cluster survey. The solid black line indi-
cates the evolution of the linear growth factor for a ΛCDMmodel, whereas the dashed blue curve is
the prediction of a modified gravity model (the brane world model by Dvali, Gabadadze & Porrati
2000), having the same expansion history of the ΛCDM model.

6. Summary and outlook

All of the main elements of the overall narrative of how clusters form and evolve discussed
in this review have been established over the past four decades. The remarkable progress in
our understanding of cluster formation has been accompanied by great progress in multi-
wavelength observations of clusters and our knowledge of the properties of the main mass
constituents of clusters: stars, hot intracluster gas, and gravitationally dominant DM.

Formation of galaxy clusters is a complicated, non-linear process accompanied by a host
of physical phenomena on a wide range of scales. Yet, some aspects of clusters exhibit
remarkable regularity, and their internal structure, abundance, and spatial distribution carry
an indelible memory of the initial linear density perturbation field and the cosmic expansion
history. This is manifested both by tight scaling relations between cluster properties and the
total mass, as well as by the approximate universality of the cluster mass function and bias,

54
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Lensing (I) 

M. Bartelmann & P. Schneider, Weak Gravitational Lensing
Phys. Reports (2001)    arXiv:9912508

3 Gravitational Light Deflection

In this section, we summarise the theoretical basis for the description of light de-
flection by gravitational fields. Granted the validity of Einstein’s Theory of General
Relativity, light propagates on the null geodesics of the space-time metric. How-
ever, most astrophysically relevant situations permit a much simpler approximate
description of light rays, which is called gravitational lens theory; we first describe
this theory in Sect. 3.1. It is sufficient for the treatment of lensing by galaxy clus-
ters in Sect. 5, where the deflecting mass is localised in a region small compared
to the distance between source and deflector, and between deflector and observer.
In contrast, mass distributions on a cosmic scale cause small light deflections all
along the path from the source to the observer. The magnification and shear effects
resulting therefrom require a more general description, which we shall develop in
Sect. 3.2. In particular, we outline how the gravitational lens approximation derives
from this more general description.

3.1 Gravitational Lens Theory

Observer 

Lens plane 

Source plane 

θ 

β 

ξ 

α̂ 

η 

Dds 

Dd 

Ds 

Fig. 11. Sketch of a typical gravitational lens system.
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1. Lensing by a point mass M , deflection

angle ↵, for an impact parameter ⇠ in the

deflector plane. RS is the schwarzschild

radius. The deflection angle is small for

⇠ � RS .

RS = 2
GM

c

2

↵̂ = 4
GM

c

2
⇠

= 2
RS

⇠

2. Introducing the distances to the source Ds

to the deflector or lens Dd and deflector-

source distance Dds, we can then compute

the Einstein ring radius RE . Notice that an-

gular diameter distances should be used in

FRW cosmology.

D =
Dd Dds

Ds

RE = 4
GM D

c

2

3. For a lens characterized by a surface mass

distribution, or projected mass distribution

⌃(⇠), the deflection angle can be written

as :

~̂↵(~⇠) =
4G

c

2

Z
d

2
⇠

0 ⌃(⇠0)
~

⇠ � ~

xi

0

|~⇠ � ~

⇠

0|2

4. Introducing the angular coordinates

~

� in

the source plane and

~

✓ in the deflector

plane ( ~eta = Ds
~

�,

~

eta = Ds
~

�), we can

define the lens equation :

~

� = ~

✓ � Dds

Ds
~̂↵(Dd

~

✓) = ~

✓ � ~↵(~✓)
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Lensing (II) 
1. For a lens characterized by a surface mass

distribution, or projected mass distribution

⌃(⇠), the deflection angle can be written

as :
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2. Introducing the angular coordinates

~
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the source plane and
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✓ in the deflector

plane (~⌘ = Ds
~
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⇠ = Ds
~

�), we can define

the lens equation, relating the angular po-

sition in the source plane and the deflector

plane, to the reduced angular deflection :

~

� = ~

✓ � ~↵(~✓)

~↵(~✓) =
Dds

Ds
~̂↵(Dd

~

✓)

3. Introducing the critical mass density which

depends on the distances, and the mass

density ratio  :

⌃cr =
c

2

4⇡G

Ds

Dd Dds

(~✓) =
⌃(Dd

~
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⌃cr
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thegradient of the deflection potential :
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Phys. Reports (2001)    arXiv:9912508
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Lensing (III) 
1. The observed surface brightness distribu-

tion in the lens plane I(~✓) can be written

as a function of the source plane surface

brightness ditribution I

s(~�)

I(~✓) = I

s
⇣
~

�(~✓)
⌘

~

�(~✓) = ~

✓ � ~↵(~✓)

2. Linearizing the equation, we can define the

lens mapping matrix A :
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�1 + i�2 = |�|e2i' is the shear. The eigen-
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4. The surface brightness is conserved. The

image of a circular source is an ellipse with

the ratio of the two axis (the ellipticity ✏)

given by the ratio of the two eigenvalues.

the magnification µ corresponds to ratio of

solid angles.
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Lensing (summary)

3 Gravitational Light Deflection

In this section, we summarise the theoretical basis for the description of light de-
flection by gravitational fields. Granted the validity of Einstein’s Theory of General
Relativity, light propagates on the null geodesics of the space-time metric. How-
ever, most astrophysically relevant situations permit a much simpler approximate
description of light rays, which is called gravitational lens theory; we first describe
this theory in Sect. 3.1. It is sufficient for the treatment of lensing by galaxy clus-
ters in Sect. 5, where the deflecting mass is localised in a region small compared
to the distance between source and deflector, and between deflector and observer.
In contrast, mass distributions on a cosmic scale cause small light deflections all
along the path from the source to the observer. The magnification and shear effects
resulting therefrom require a more general description, which we shall develop in
Sect. 3.2. In particular, we outline how the gravitational lens approximation derives
from this more general description.

3.1 Gravitational Lens Theory

Observer 

Lens plane 

Source plane 

θ 
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ξ 

α̂ 

η 

Dds 

Dd 

Ds 

Fig. 11. Sketch of a typical gravitational lens system.
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M. Bartelmann & P. Schneider, Weak Gravitational Lensing
Phys. Reports (2001)    arXiv:9912508
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Mon. Not. R. Astron. Soc. 000, 1–26 (2014) Printed 21 April 2014 (MN LATEX style file v2.2)

Weighing the Giants I. Weak-lensing masses for 51 massive galaxy
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ABSTRACT
This is the first in a series of papers in which we measure accurate weak-lensing masses for
51 of the most X-ray luminous galaxy clusters known at redshifts 0.15 . zCl . 0.7, in order
to calibrate X-ray and other mass proxies for cosmological cluster experiments. The primary
aim is to improve the absolute mass calibration of cluster observables, currently the domi-
nant systematic uncertainty for cluster count experiments. Key elements of this work are the
rigorous quantification of systematic uncertainties, high quality data reduction and photomet-
ric calibration, and the “blind” nature of the analysis to avoid confirmation bias. Our target
clusters are drawn from X-ray catalogs based on the ROSAT All-Sky Survey, and provide a
versatile calibration sample for many aspects of cluster cosmology. We have acquired wide-
field, high-quality imaging using the Subaru and CFHT telescopes for all 51 clusters, in at
least three bands per cluster. For a subset of 27 clusters, we have data in at least five bands,
allowing accurate photometric redshift estimates of lensed galaxies. In this paper, we describe
the cluster sample and observations, and detail the processing of the SuprimeCam data to
yield high-quality images suitable for robust weak-lensing shape measurements and preci-
sion photometry. For each cluster, we present wide-field three-color optical images and maps
of the weak-lensing mass distribution, the optical light distribution, and the X-ray emission.
These provide insights into the large-scale structure in which the clusters are embedded. We
measure the o↵sets between X-ray flux centroids and the Brightest Cluster Galaxies in the
clusters, finding these to be small in general, with a median of 20 kpc. For o↵sets . 100 kpc,
weak-lensing mass measurements centered on the Brightest Cluster Galaxies agree well with
values determined relative to the X-ray centroids; miscentering is therefore not a significant
source of systematic uncertainty for our weak-lensing mass measurements. In accompany-
ing papers we discuss the key aspects of our photometric calibration and photometric redshift
measurements (Kelly et al.), and measure cluster masses using two methods, including a novel
Bayesian weak-lensing approach that makes full use of the photometric redshift probability
distributions for individual background galaxies (Applegate et al.). In subsequent papers, we
will incorporate these weak-lensing mass measurements into a self-consistent framework to
simultaneously determine cluster scaling relations and cosmological parameters.
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cosmology: observations; galaxies: elliptical and lenticular, cD
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ABSTRACT
We report weak-lensing masses for 51 of the most X-ray luminous galaxy clusters known. This
cluster sample, introduced earlier in this series of papers, spans redshifts 0.15 ! zcl ! 0.7, and
is well suited to calibrate mass proxies for current cluster cosmology experiments. Cluster
masses are measured with a standard ‘color-cut’ lensing method from three-filter photometry
of each field. Additionally, for 27 cluster fields with at least five-filter photometry, we mea-
sure high-accuracy masses using a new method that exploits all information available in the
photometric redshift posterior probability distributions of individual galaxies. Using simula-
tions based on the COSMOS-30 catalog, we demonstrate control of systematic biases in the
mean mass of the sample with this method, from photometric redshift biases and associated
uncertainties, to better than 3%. In contrast, we show that the use of single-point estimators
in place of the full photometric redshift posterior distributions can lead to significant redshift-
dependent biases on cluster masses. The performance of our new photometric redshift-based
method allows us to calibrate ‘color-cut’ masses for all 51 clusters in the present sample to
a total systematic uncertainty of ≈ 7% on the mean mass, a level sufficient to significantly
improve current cosmology constraints from galaxy clusters. Our results bode well for future
cosmological studies of clusters, potentially reducing the need for exhaustive spectroscopic
calibration surveys as compared to other techniques, when deep, multi-filter optical and near-
IR imaging surveys are coupled with robust photometric redshift methods.

Key words: galaxies: clusters: general; gravitational lensing: weak; methods: data analysis;
methods: statistical; galaxies: distances and redshifts; cosmology: observations

1 INTRODUCTION

Galaxy clusters have become a cornerstone of the experimental ev-
idence supporting the standard ΛCDM cosmological model. Re-
cent studies of statistical samples of clusters have placed precise
and robust constraints on fundamental parameters, including the
amplitude of the matter power spectrum, the dark energy equa-
tion of state, and departures from General Relativity on large

⋆ E-mail:dapple@stanford.edu

scales. For a review of recent progress and future prospects, see
Allen, Evrard, & Mantz (2011).

Typical galaxy cluster number count experiments require a
mass-observable scaling relation to infer cluster masses from sur-
vey data, which in turn requires calibration of the mass-proxy bias
and scatter. Weak lensing follow-up of clusters can be used, and
to some extent has already been used, to set the absolute calibra-
tions for the mass-observable relations employed in current X-ray
and optical cluster count surveys (e.g. Mantz et al. 2008, 2010a;
Vikhlinin et al. 2009b; Rozo et al. 2010). However, targeted weak
lensing follow-up efforts of cluster surveys have not yet studied
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ABSTRACT
We report weak-lensing masses for 51 of the most X-ray luminous galaxy clusters known. This
cluster sample, introduced earlier in this series of papers, spans redshifts 0.15 ! zcl ! 0.7, and
is well suited to calibrate mass proxies for current cluster cosmology experiments. Cluster
masses are measured with a standard ‘color-cut’ lensing method from three-filter photometry
of each field. Additionally, for 27 cluster fields with at least five-filter photometry, we mea-
sure high-accuracy masses using a new method that exploits all information available in the
photometric redshift posterior probability distributions of individual galaxies. Using simula-
tions based on the COSMOS-30 catalog, we demonstrate control of systematic biases in the
mean mass of the sample with this method, from photometric redshift biases and associated
uncertainties, to better than 3%. In contrast, we show that the use of single-point estimators
in place of the full photometric redshift posterior distributions can lead to significant redshift-
dependent biases on cluster masses. The performance of our new photometric redshift-based
method allows us to calibrate ‘color-cut’ masses for all 51 clusters in the present sample to
a total systematic uncertainty of ≈ 7% on the mean mass, a level sufficient to significantly
improve current cosmology constraints from galaxy clusters. Our results bode well for future
cosmological studies of clusters, potentially reducing the need for exhaustive spectroscopic
calibration surveys as compared to other techniques, when deep, multi-filter optical and near-
IR imaging surveys are coupled with robust photometric redshift methods.
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1 INTRODUCTION

Galaxy clusters have become a cornerstone of the experimental ev-
idence supporting the standard ΛCDM cosmological model. Re-
cent studies of statistical samples of clusters have placed precise
and robust constraints on fundamental parameters, including the
amplitude of the matter power spectrum, the dark energy equa-
tion of state, and departures from General Relativity on large
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scales. For a review of recent progress and future prospects, see
Allen, Evrard, & Mantz (2011).

Typical galaxy cluster number count experiments require a
mass-observable scaling relation to infer cluster masses from sur-
vey data, which in turn requires calibration of the mass-proxy bias
and scatter. Weak lensing follow-up of clusters can be used, and
to some extent has already been used, to set the absolute calibra-
tions for the mass-observable relations employed in current X-ray
and optical cluster count surveys (e.g. Mantz et al. 2008, 2010a;
Vikhlinin et al. 2009b; Rozo et al. 2010). However, targeted weak
lensing follow-up efforts of cluster surveys have not yet studied
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Unless otherwise noted, all mass measurements assume a flat
ΛCDM reference cosmology with Ωm = 0.3, ΩΛ = 0.7 and H0 =
100 h km/s/Mpc, where h = 0.7.

2 WEAK-LENSINGMASS MEASUREMENTS

The mass of a gravitational lens, in this case a massive galaxy
cluster, may be inferred from the systematic distortion of images
of background galaxies as measured by the reduced shear. For a
review of weak lensing, see Bartelmann & Schneider (2001) and
Schneider (2006). Here, we review the redshift dependence of the
reduced shear and how it relates to the cluster mass profile.

The ellipticity of a galaxy, corrected for PSF effects, provides
a noisy estimate of the reduced shear at the galaxy position. Assum-
ing a single lens plane, the theoretical expectation for the reduced
shear g

(

θ⃗
)

is given by

g
(

θ⃗
)

=
βs(zb)γ∞

(

θ⃗
)

1 − βs(zb)κ∞
(

θ⃗
) , (1)

where the shear γ∞
(

θ⃗
)

and convergence κ∞
(

θ⃗
)

are set by the mass
distribution of the lens, evaluated at the source position θ⃗, assuming
a lensed source at infinite redshift. For an axisymmetric lens, Eq. 1
reduces to a scalar equation, as the only shear will be tangential
to the lens. The dependence of the distortion on the background-
galaxy redshift is set by βs(zb):

βs =
DLS

DS

D∞
DL,∞

. (2)

βs is a ratio of angular diameter distances, where DLS is the dis-
tance between the lens and the source, DS is the distance to the
source, and DL,∞ and D∞ are the corresponding distances from the
lens and the observer to a source at infinite redshift, respectively.
Figure 1 shows how the reduced shear g scales as a function of
background-galaxy redshift for lenses at two redshifts. For refer-
ence, a typical analytical approximation to a ground-based i+ < 25
magnitude redshift distribution, peaking at z ≈ 0.8, is shown as the
shaded region (Schrabback et al. 2010). βs rises rapidly from zero
for redshifts just beyond a lens, and approaches a constant value at
high redshift.

To facilitate comparisons to other mass proxies, especially X-
ray proxies, we measure the total mass enclosed within a sphere of
fixed radius. While a general 2D mass distribution can in principle
be recovered (Bradač et al. 2005), this approach would be limited
by the depth of our images and an inability to break the mass sheet
degeneracy from weak-lensing data alone (Bradač et al. 2004), es-
pecially for low redshift clusters that fill the SuprimeCam field
of view. Another alternative is to measure the mass within a 2D
aperture, which determines the total projected mass within a cylin-
der. Operationally, aperture mass measurements would require us
to deproject an ill-constrained, noisy, 2D mass profile to make the
needed comparison to X-ray mass measurements, and requires an
assumed profile at large radius to break the mass sheet degeneracy.

We instead fit the estimated reduced shear at each galaxy po-
sition to the lensing signal predicted by a spherical Navarro-Frenk-
White (NFW) halo (Navarro et al. 1997) profile. The parametrized
mass profile, known to be a reasonable description of dark matter
halos, automatically breaks the mass-sheet degeneracy. The NFW
profile has two free parameters, the scale radius rs and the concen-
tration c200 ≡ r200/rs (where overdensity is defined with respect
to the critical density), or alternatively the mass within a particular

Figure 1. The reduced shear g, as a function of source galaxy redshift z,
for cluster lenses at redshifts zcluster =0.2 and 0.5. The function βs, a ratio
of angular diameter distances, controls the shape of the curve (see Eq. 2).
βs is zero for sources at redshifts less than zcluster and rises steeply above
zcluster, eventually flattening off at high redshift. The shape of the function
is cosmology dependent. A typical galaxy redshift distribution for a typical
ground-based i+ < 25 mag survey is shown in light gray, peaking at z ≈ 0.8.

radius. We implement the detailed radial, lens redshift, and cosmol-
ogy dependence of γ∞ and κ∞ for a spherical NFW profile found in
Wright & Brainerd (2000). Extensive simulation work in the liter-
ature shows that fitting such a profile to the reduced shear, aver-
aged over a sample of clusters, can in principle return an unbiased
mass, depending on details in the analysis. Triaxiality, nearby cor-
related structure, and uncorrelated structure along the line of sight
contribute 20-25% scatter to individual mass measurements, not in-
cluding the statistical uncertainty due to the finite number of lensed
sources (Hoekstra 2003; Corless & King 2007; Becker & Kravtsov
2011; Bahé et al. 2012; Hoekstra et al. 2011). Efforts are underway
to verify this result for the mass range spanned by clusters in our
sample (M500 > 1015M⊙).

3 DATA & PROCESSING

In this section, we describe the data set, data processing, and sam-
ple selection used as input to the mass measurement algorithms.
We analyze a sample of 51 X-ray selected, luminous galaxy clus-
ters imaged with SuprimeCam (Miyazaki et al. 2002) at the Subaru
Telescope and Megaprime at the Canada-France-Hawaii Telescope.
Paper I contains a detailed description of the clusters observed, fil-
ters, and processing details. All clusters in the sample were im-
aged with at least three broad optical filters, and 27 were imaged
with at least five broad optical filters. Raw CCD exposures were
processed using a modified GaBoDS/Theli pipeline (Erben et al.
2005, 2009; Schirmer 2013). We detect objects using SExtractor
(Bertin & Arnouts 1996). Shape measurements were made with the
code analyseldac (Erben et al. 2001), based on the KSB algorithm
(Kaiser et al. 1995), to produce shear catalogs. Shape measure-
ments were calibrated using the STEP2 simulations (Massey et al.
2007).

The heterogeneous nature of our dataset requires us to adopt
two different strategies to measure the redshift distributions of
galaxies in each cluster field. For the 27 cluster fields where we
have five or more filters, we compute photometric redshifts for each
galaxy in our shear catalogs. Photometric redshifts require strict
control of the relative photometric calibration between filters. Paper
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radius. We implement the detailed radial, lens redshift, and cosmol-
ogy dependence of γ∞ and κ∞ for a spherical NFW profile found in
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ature shows that fitting such a profile to the reduced shear, aver-
aged over a sample of clusters, can in principle return an unbiased
mass, depending on details in the analysis. Triaxiality, nearby cor-
related structure, and uncorrelated structure along the line of sight
contribute 20-25% scatter to individual mass measurements, not in-
cluding the statistical uncertainty due to the finite number of lensed
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2011; Bahé et al. 2012; Hoekstra et al. 2011). Efforts are underway
to verify this result for the mass range spanned by clusters in our
sample (M500 > 1015M⊙).
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In this section, we describe the data set, data processing, and sam-
ple selection used as input to the mass measurement algorithms.
We analyze a sample of 51 X-ray selected, luminous galaxy clus-
ters imaged with SuprimeCam (Miyazaki et al. 2002) at the Subaru
Telescope and Megaprime at the Canada-France-Hawaii Telescope.
Paper I contains a detailed description of the clusters observed, fil-
ters, and processing details. All clusters in the sample were im-
aged with at least three broad optical filters, and 27 were imaged
with at least five broad optical filters. Raw CCD exposures were
processed using a modified GaBoDS/Theli pipeline (Erben et al.
2005, 2009; Schirmer 2013). We detect objects using SExtractor
(Bertin & Arnouts 1996). Shape measurements were made with the
code analyseldac (Erben et al. 2001), based on the KSB algorithm
(Kaiser et al. 1995), to produce shear catalogs. Shape measure-
ments were calibrated using the STEP2 simulations (Massey et al.
2007).

The heterogeneous nature of our dataset requires us to adopt
two different strategies to measure the redshift distributions of
galaxies in each cluster field. For the 27 cluster fields where we
have five or more filters, we compute photometric redshifts for each
galaxy in our shear catalogs. Photometric redshifts require strict
control of the relative photometric calibration between filters. Paper

c⃝ 2010 RAS, MNRAS 000, 1–25
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https://github.com/DarkEnergyScienceCollaboration/ReprocessingTaskForce/wiki/CFHT-Clusters

CFHT reprocessing

✦ Testing and validating the stack 

✦ galaxy photometry and shape determination 
✦ accurate photometry / colors for photoZ

✦ PSF quality after stacking in order to extract 
galaxy shape parameters 

✦ Currently: Abell 2261 and Abell 1835 (??)

R. Ansari 12/2015
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Abell 2261   z~0.22 http://hubblesite.org/newscenter/archive/releases/2012/24/fastfacts/
R. Ansari 12/2015
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Abell 1835   z~2.565 ?

http://spacetelescope.org/images/heic0005b/
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