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ABSTRACT

We present a weak lensing analysis for galaxy clusters from the APEX-SZ survey. For 39
massive galaxy clusters that were observed via the Sunyaev—Zel’dovich effect (SZE) with the
APEX telescope, we analyse deep optical imaging data from WFI(@2.2mMPG/ESO) and
Suprime-Cam(@SUBARU) in three bands. The masses obtained in this study, including an
X-ray selected sub-sample of 27 clusters, are optimized for and used in studies constraining
the mass to observable scaling relations at fixed cosmology. A novel focus of our weak
lensing analysis is the multicolour background selection to suppress effects of cosmic variance
on the redshift distribution of source galaxies. We investigate the effects of cluster member
contamination through galaxy density, shear profile, and recovered concentrations. We quantify
the impact of variance in source redshift distribution on the mass estimate by studying nine
sub-fields of the COSMOS survey for different cluster redshift and magnitude limits. We
measure a standard deviation of ~6 per cent on the mean angular diameter distance ratio for a
cluster at z = 0.45 and shallow imaging data of R &~ 23 mag. It falls to ~1 per cent for deep, R =
26 mag, observations. This corresponds to 8.4 percent and 1.4 per cent scatter in Mpgy. Our
background selection reduces this scatter by 20—40 per cent, depending on cluster redshift and
imaging depth. We derived cluster masses with and without using a mass concentration relation
and find consistent results, and concentrations consistent with the used mass—concentration
relation.

Key words: gravitational lensing: weak —galaxies: clusters: general —cosmology: observa-
tions.

1 INTRODUCTION

Measuring the galaxy cluster mass function, n(M, z), and internal
structure of galaxy clusters can help in unveiling the basic nature of
dark matter (Robertson, Massey & Eke 2017), the initial spectrum
of the density perturbations and its evolution from the primordial
universe till today (de Haan et al. 2016; Bocquet et al. 2019; Costanzi
et al. 2018; Pacaud et al. 2018).

The formation of galaxy clusters is known to be sensitively
connected to the cosmic expansion rate and the hierarchical structure
formation (Rosati, Borgani & Norman 2002; Schuecker 2005;
Voit 2005). Measuring the cluster mass function, therefore, offers
a method to obtain constraints on the cosmological parameters
additional to other known methods such as supernovae type Ia,
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cosmic microwave background, or baryonic acoustic oscillations.
Investigating the evolution of the mass function with redshift can
also constrain the dark energy equation-of-state parameter wpg
(Albrecht et al. 2006).

Several methods exist to measure the mass of galaxy clusters
based on optical, X-ray, and sub-mm observations. Each of them
have different advantages and disadvantages with respect to dif-
ferent science goals. In order to use the full constraining power
of ongoing or planned cluster surveys for precision cosmology
like SPT-3G (Benson et al. 2014), DES (Dark Energy Survey
Collaboration et al. 2016), or eROSITA (Pillepich, Porciani &
Hahn 2010), the knowledge of the mass calibration of the cluster
obseravbles and biases between these observables are crucial.

In contrast to methods using X-rays or the Sunyaev—Zel’dovich
effect (SZE), weak gravitational lensing probes mass directly
without assumptions on the dynamical state of the intracluster
medium (ICM). Especially, in cluster mergers, the distribution
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and the dynamical state of the ICM can differ strongly from
hydrodynamic equilibrium, making it difficult to determine reliable
masses with SZE or X-rays. For this reason, weak gravitational
lensing is preferentially used for calibrating mass-to-observable
relations, which is the key motivation for the optical follow-up
observations of the APEX-SZ galaxy clusters (Schwan et al. 2012;
Bender et al. 2016).

The APEX-SZ experiment (Dobbs et al. 2006, 2012; Schwan
etal. 2011) imaged the SZ decrement of galaxy clusters at 150 GHz
using a 280-element Transition-Edge Sensor (TES) bolometer
cameraon the APEX 12-mtelescope in Atacama Chile (Glisten et al.
2006). The experiment had 58 arcsec resolution over a 23 arcmin
field of view. Apex-SZ observed 42 clusters over a total of 740 h in
the period from 2005 to 2010.

Weak-lensing mass estimation have been actively pursued for nu-
merous galaxy cluster samples (e.g. Postman et al. 2012; Applegate
etal. 2014; Okabe & Smith 2016) of typical sample size of ~20-50
clusters. In this paper, we present the weak gravitational lensing
analysis of the APEX-SZ galaxy cluster sample (Bender et al.
2016; Nagarajan et al. 2018) comprising of 39 galaxy clusters in the
redshiftrange of z = 0.1 to z = 0.83. Most of these clusters are X-ray
selected. A sub-sample of 27 clusters form a complete galaxy cluster
sample in X-ray luminosity and redshift space [see Nagarajan et al.
(2018) for details]. One of the main purposes of measuring the
cluster masses for this sample is to obtain reasonable constraints on
mass—observable scaling relations. In particular, the subject matter
of measuring the scaling between the Sunyaev—Zel’dovich effect
and the cluster mass is studied in a companion paper by Nagarajan
et al. (2018). Here, we describe the weak lensing analysis adopted
for the cluster mass measurements that form the basis for such work.

To use weak lensing mass estimates for the mass calibration, the
understanding and minimization of systematic effects is important.
Weak-lensing measurements can suffer from systematic effects due
to the contamination of the background sources from unlensed
foreground or cluster member galaxies. This can result in an
underestimation of the observed Einstein radius by a factor of 2.5
(Clowe & Schneider 2001; Bardeau et al. 2005). In the current
weak lensing literature (Okabe & Smith 2016; Melchior et al.
2017; Medezinski et al. 2018; Dietrich et al. 2019), the selection of
galaxies considered to be lensed sources is based on observations in
two, three, or five, and more bands, reflecting three commonly
used selection methods to identify background galaxies. While
the first two methods rely on a reference catalogue and focus
only on the exclusion of cluster member galaxies, the last method
uses photometric redshift estimates that allow also to incorporate
individual distance estimates for galaxies.

This work presents a three-filter method for background selection,
which includes empirically derived photometric redshift estimates
for each galaxy based on a comparison to a reference photo-z
catalogue. This method is a mixed approach between the common
three-filter methods [e.g. Medezinski et al. (2018)]; Dietrich et al.
(2019) and photo-z methods. It reduces the impact of cosmic
variance in the observed and reference field on the mass estimates.
Furthermore, we give a detailed discussion of the analysis and
results using a representative sub-sample of three galaxy clusters in
the redshift range from z = 0.15 to 0.45, which cover the redshift
range of the majority of our cluster sample.

This paper is structured as follows: After a short discussion
on cluster selection and data reduction in Section 2, we give a
short introduction to weak lensing theory in Section 3. Section 4 is
focused on the colour properties of galaxies and a lensing-optimized
selection of background galaxies. In Section 5, we discuss the shear
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modelling such as, the profile fitting, corrections for contamination,
and the effect of cosmic variance on our data. Section 6 shows the
lensing results and compares them with measurements from other
publications. The last section, Section 7, presents the conclusions
and shows future perspectives.

Throughout this paper we adopt a concordance ACDM cosmol-
ogy with ©,, = 0.3, 2, =0.7,and h = Hy/(100kms™ Mpc™') =
0.7.

2 CLUSTER SELECTION AND DATA
REDUCTION

The galaxy clusters for the lensing follow-up observations were
selected based on their observations with APEX-SZ SZE detector.
The aim was to cover all SZE detections with z < 1 using a
combination of dedicated observations with the Wide-Field Imager
(WFI, Baade et al. 1999) and archive data from the same instrument
and from Suprime—Cam(@ Subaru) with at least three different filter
bands. This goal was achieved with the only exception of a cluster at
z=0.98, resulting in a complete sample up to z = 0.83. The follow-
up observations also includes clusters that were only observed but
not detected by APEX-SZ, in order to ensure the completeness of an
X-ray selected sub-sample (Nagarajan et al. 2018). To illustrate the
data analysis, we select three clusters as examples. The clusters that
we choose as examples are selected to reflect the typical redshift
range, the difficulties in data reductions, and the optical data quality
of the whole APEX-SZ sample.

The observation strategy with WFI was chosen to make optimal
use of archival data in order to minimize the need of additional
observations. For clusters where no archival existed, we observed
with WFI in the B-123, V-89, and RC-162 (here after B, V, R)
bands. The typical total exposure times for clusters at z = 0.3 are
12000, 4500, and 15 000 s. In case of existing archival data, we only
observed the missing bands or completed bands which had already
some shallower data. This strategy results in a variation of filter
bands used for the background selection and shear measurements.
For example, for the analysis of RXC 1504, we use B, V, R band
WEFI observations for the photometry and the Suprime—Cam V band
data for shear measurement.

Table 1 shows a summary of the data for the clusters presented in
this publication. The basic data reduction steps (de-biasing, flatfield-
ing, astrometry, absolute and relative photometry, and weighted co-
addition) were conducted with THELT (Erben et al. 2005; Schirmer
2013) data reduction pipeline following closely the steps described
in Israel et al. (2010). In addition to these steps described above,
we used the outlier rejection option in THELI with a rejection
threshold of 7 or higher for cluster data with a large number of
exposures per filter. This option allows us to remove slow-moving
asteroids which are difficult to identify in individual images. For
MS0451.6-0305, we were able to reuse coadds that were produced
and analysed in Schirmer et al. (2010). In the case of RXCJ1347,
half of the archival Suprime-Cam data were observed with a field-
of-view rotated by 90°. Since inclusion of these images resulted in
a significantly poorer quality of the astrometric solution, we did not
consider this data further.

2.1 Photometric calibration

The indirect calibration of the absolute photometric zero point is
based on observations of standard fields (Stetson 2000) during
photometric nights, where the atmospheric extinction is assumed
to be stable over night. In order to calibrate data sets obtained under
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Table 1. Cluster data sets: For the clusters analysed in this study, we list the redshift zygp as quoted in NED, the
filters (the lensing band is denoted by %), exposure time, number N of coadded exposures, and seeing conditions in
the lensing band. In the last column, “WFI’ is the Wide-Field Imager at the 2.2 m MPG/ESO telescope, while ‘SUP’
denotes Suprime—Cam at the Subaru telescope. The subscript ’S’ is used to distinguish between Suprime—Cam and

WFI-based data in case of mixed data sets.

Cluster z Filter Time [s] N Seeing ["] Instrument
A2744 0.307 B,V,R* 20997 40 0.87 WFI
RXCJ0019.0—-2026 0.277 B,V,R* 14918 30 0.82 WEFI
A2813 0.292 B,V,R* 13497 26 0.89 WFI
A209 0.206 B,R*,Z 2400 10 0.58 SUP
XLSSC 006 0.429 v, RE,:? VA 1800 4 0.69 WFISUP
RXCJ0232.2—4420 0.284 B,V,R* 13398 25 0.77 WFI
RXCJ0245.4—5302 0.302 B,V,R* 14697 31 0.92 WEFI
A383 0.187 B,V,R¢ 5400 18 0.69 SUP
RXCJ0437.1 4+ 0043 0.284 B,V,R* 18097 33 0.82 WFI
MS0451.6—0305 0.539 B, Rt Z 11400 26 0.83 SUP
A520 0.199 V.R, I* 3000 13 0.57 SUP
RXCJ0516.6—5430 0.295 B, V,R* 14548 25 0.91 WFI
RXCJ0528.9—-3927 0.284 B,V,R* 20776 48 0.85 WFI
RXCJ0532.9—-3701 0.275 B, V,R* 13998 28 0.73 WFI
A3404 0.167 B,V,R* 10078 28 0.92 WFI
Bullet 0.297 B,V,R* 16447 35 0.77 WEFI
A907 0.153 B,V, R¢ 4800 16 0.53 SUP
0.153 B, V,R* 8638 24 0.80 WFI
RXCJ1023.6 + 0411 0.280 B, V,I 2160 9 0.62 WFI,SUP
MS1054.4—0321 0.831 V.R*,Z 19547 33 0.73 WEFI,SUP
MACSJ1115.8 + 0129 0.348 B,V,R} 1200 5 0.63 SUP
0.350 B,V,R* 14497 29 0.75 WEFI
A1300 0.308 B,V,R* 16997 34 0.73 WEFI
RXCJ1135.6—2019 0.305 B,V,R* 14998 30 0.77 WEFI
RXCJ1206.2—0848 0.441 B,V, I 1080 3 0.73 SUP
MACSJ1311.0-0311 0.494 B,V,R¢ 1080 6 0.62 WFI,SUP
A1689 0.183 B, R, 1 7984 29 0.69 SUP
RXJ1347—1145 0.451 V.R, Z* 2700 11 0.54 SUP
0.451 B,V,R* 16297 28 0.85 WFI
MACSJ1359.2—1929 0.447 B,V,R* 15032 31 0.84 WEFI
A1835 0.253 B, V. I 1440 6 0.90 WFILSUP
RXJ1504 0.215 B, V!, R 2640 11 0.78 WFILSUP
A2163 0.203 V,Rc, I* 4500 15 0.68 SUP
A2204 0.152 V,R;, I* 1680 7 0.67 SUP
RXCJ2014.8—2430 0.160 B,V,R* 14277 27 0.80 WFI
RXCJ2151.0—-0736 0.284 B,V,R* 14998 30 0.79 WEFI
A2390 0.228 B, R, Z 3700 11 0.57 SUP
MACSJ2214.9—1359 0.483 v, RE, Ic 1200 5 0.53 SUP
MACSJ2243.3—0935 0.447 B, V*,Z 1080 3 0.75 SUP
RXCJ2248.7—4431 0.348 B,V,R* 32995 55 0.80 WEFI
A2537 0.297 V. R, 1 2400 5 0.69 SUP
RXCJ2337.6 + 0016 0.278 B,V, R¢ 720 3 0.62 SUP

unknown or non-photometric conditions and to ensure a highly
accurate colour calibration, we performed a two-step calibration for
the WFI data where the last step was also applied to the Suprime—
Cam data.

In the first step, we perform a WFI-internal colour calibration,
by matching the colours of the stellar locus of each cluster field
with that of a field observed under photometric conditions. This can
be done by simply shifting the position of the main sequence in
colour—colour—space without the need of rotation or stretching. We
then use the stars of the matched fields which are brighter than R =
21.5 mag as a reference main sequence for the second step.

The second step is a stellar locus regression (SLR) comparable
to High et al. (2009) in order to perform a colour transformation
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between the WFI or Suprime—Cam bands and the related bands in
the COSMOS photo-z catalogue (Ilbert et al. 2009). We measure
the scaling, rotation, and shifting terms by matching the prominent
features of the stellar locus of the calibrated WFI sequence with
that of the COSMOS field . The resulting excellent agreement can
be seen in Fig. 1.

Calibrating the colours against COSMOS makes a background
selection possible which is relatively independent of the instrument
used because the colours are converted to the same reference system.
High et al. (2009) also showed that applying an SLR can also
account for galactic extinction if the reference locus is calibrated
for that. This is the case for the COSMOS photo-z catalogue. We,
therefore, do not apply any additional extinction correction. The
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Figure 1. Photometric calibration by stellar locus regression (SLR). Blue
symbols show stars R < 22 mag in the COSMOS field (using the B, V,
Rc bands). Red symbols denote stars R < 22 observed with WFI (using
the B, V, R bands). Orange symbols denote the same WFI stars after SLR
calibration.

SLR also needs to be applied to Suprime—Cam data. However,
as the COSMOS photo-z catalogue is based on Suprime—Cam
observations, the colour calibration is in most cases straightforward.
Since we calibrate the colours against the same colour system, we
use from now on just the shortcuts B, V, and R band irrespective of
whether it is, e.g. the V-89 (WFI) or the W-J-V (Suprime—Cam)
band.

To obtain the absolute zero points, we match our catalogue with
the AIIWISE catalogue (Cutri & et al. 2014) and perform a stellar
locus match in the V — R versus R — [W1] plane, keeping the V —
R colour fixed to the values from the previous calibration. AIIWISE
increases the depth of the Wide-Field Infrared Survey explorer
[WISE, Wright et al. (2010)] catalogues. Here, [W1] denotes the
3.4 um WISE passband.

By matching the V — R versus R — [W1] locus to that of
our reference catalogue, we ensure that the overall zero point
matches the photometric system of the reference catalogue. Using
30 arcmin x 30 arcmin subfields of the reference catalogue and
applying the same calibration method yields a scatter in the absolute
zero points of ~0.05 mag. Since we expect correlations between the
different subfields, the scatter has to be taken as a lower limit. We
investigate the impact of the zero point scatter on the derived lensing
properties in Section 5.3. Repetititon tests show that we are able to
recover the relativie zero points to an accuracy of 0.013 mag.

3 WEAK GRAVITATIONAL LENSING BY
GALAXY CLUSTERS

3.1 Lensing theory

This section briefly summarizes the basic theory of weak gravi-
tational lensing by galaxy clusters used in this paper. For a more
complete introduction to weak gravitation lensing, we refer the
interested reader to Bartelmann & Schneider (2001) and Schneider
(2006).

APEX-SZ galaxy cluster sample 1707

The mapping of a gravitational lens between true position & and
observed position 6 can be described by the Jacobian Matrix

_ A& 32y (@)
AB) = — = | §; .
2 96 ( ! )

96,00,
Here, ¥ is the lensing potential, which is related to the surface mass
density « as

)

.1 - I
V(6) = — /;<(9/)1n|9 —0'|do. )
14
The surface mass density « is generally expressed in units of the
critical surface density X, which is defined as

> " ap o
it 4w GDy Dy’

3

where c is the speed of light, G the gravitational constant, and Dy,
Dy, Dy are the angular diameter distances between the observer and
deflector (lens), the observer and source, and between the deflector
and source. The second term of this equation describes the strength
of the light deflection in dependency of the source distance and is
usually referred to as angular diameter ratio 8 = Dgs/Ds.

Using the shear y; = (¥ 11 — ¥, 2)/2, Y2 = ¥ 12, and conver-
gence k = (Y, 11 + ¥, 22)/2, we can rewrite the Jacobian matrix and
get

l—k—np 2]
A= . 4
( -2 1—K+)’1> @

The actual observable in the weak lensing shear measurements is
not the shear but the reduced shear, which is given as

20
$O =12 5 5)
Using the reduced shear, the lens mapping can be expressed as
1—gi1(0) —g(0)
=(1-— .
Aaw=a-sor('Z5070G) ©

In the weak lensing regime with «, |y| < 1, det A(9) > 0, we
can decompose the image distortions into two different effects: the
image shape distortion and the (de-)magnification. The reduced
shear describes the distortion of the source image caused by the
gravitational lens. In the weak lensing case, a circular source image
gets distorted to an ellipse with ellipticity ¢ = g.

The magnification effect which can be described by the inverse
Jacobian determinant,

1 1 1

Tdet A (-2 =y A=k —gP) @

increases the size of the galaxy image by the factor  leaving the
flux density conserved.

Since the intrinsic size and ellipticity of the individual source
are unknown, magnification and shear can only be measured over
a sample of sources where the average intrinsic property can
be estimated. In the case of shear measurements, the intrinsic
ellipticities of a sufficiently high number of background galaxies
are averaging to zero, and thus the observed image ellipticities are
then a direct measure of g.

m

3.2 The angular diameter distance ratio

The lensing-induced ellipticity ¢ scales with the angular diameter
distance ratio 8 because « and y do so. To estimate 8 for each of
the faint source galaxy, photometric redshifts (photo-z) are needed.
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Figure 2. Angular diameter distance ratio 8 as a function of the source
redshift zg for different cluster redshifts zq.

Most authors that are using three filters do not attempt to derive
individual redshift estimates (Medezinski et al. 2010; Hoekstra
et al. 2012; von der Linden et al. 2014) and use polygonal-shaped
regions in colour—colour space to exclude cluster members. Em-
pirically derived photo-z’s of individual galaxies using three filters
is rather rare in cluster-weak lensing studies but was previously
used in smaller studies by Gruen et al. (2014) and Rehmann et al.
(2019).

The standard approach for three-filter observations is to estimate
a single-mean angular diameter distance ratio (B). This value is
obtained by investigating the redshift distribution of a reference
photo- z catalogue by applying similar colour, size, and flux cuts
as in the lensing observations. This approach can be called source
sheet approximation, since it assigns one single distance estimate
to all galaxies.

Fig. 2 shows the dependency of § on that single-source redshift
z, for different cluster redshifts z4. For clusters at low redshifts and
deep observational data, most of the observed galaxies will lie on
the flat part of the B curve. Therefore, the scatter in g is small even
for broad-source redshift distributions, and the noise introduced by
the source sheet approximation is negligible. At higher redshifts
or shallower data, most of the source will lie on the steep part of
the B curve, introducing an additional source of noise to the shear
estimate if only an average () is assumed.

The source sheet approximation is prone to biases, which are
introduced by the systematic changes of the redshift distribution
that correlate with the mass distribution in a cluster field. First,
such a systematic change can be introduced by the magnification
effect [equation (7)] which is strongly correlated with the mass
distribution.

A second source of such correlated variation of the redshift distri-
bution can be introduced by targeted observations of clusters. Due to
vignetting, the noise properties of the image change systematically
from the centre to the outskirts. This again affects the probability
of a source to be detected. If centred on a cluster, this effect would
follow the overall mass profile of the cluster and therefore bias the
result.

A third source of bias, related to the lack of precise distance
estimates, is the contamination by cluster galaxies. Since the
distribution of member galaxies correlates with the (projected)
mass distribution while the cluster members systematically change
the redshift distribution compared to the reference field, their
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contamination of the lensing signal has to be minimized or properly
accounted for. In particular, uncorrected contamination by cluster
members systematically affects the observed shear profile.

While the first two effects tend to boost the shear signal towards
the centre, yielding more concentrated mass distributions than the
true one when modelling the shear profile (Section 3.4), the last
effect suppresses the shear signal towards the centre, resulting in an
underestimate of the concentration parameter. Low concentration
parameters can therefore be a hint of significant contamination by
cluster galaxies.

3.3 PSF correction and shape catalogues

Besides the challenges related to the distance estimates of the
lensed sources, accurate shape measurements of these galaxies are
of critical importance for unbiased mass estimates. Important in this
context is that the instrumental effects on the observed ellipticities
are accounted for and that the measured ellipticity is an unbiased
estimate of the true one.

Both instruments used, Suprime—Cam as well as WFI, are known
for their weak lensing capability for more then a decade (Clowe &
Schneider 2002; Miyazaki et al. 2002). Their smooth variation of
the PSF anisotropy can be modelled by a low-order (3 < dyni < 5)
polynomial in image coordinates. Therefore, they are well suited
for our purpose.

The software and measurement scheme applied to the co-added
images in order to get positions, PSF-corrected ellipticities and
photometric data for the source galaxies is mostly identical to
those presented in Israel et al. (2010, 2012). We, therefore, briefly
summarize the methods in order to show the basic steps of the data
processing and refer the interested reader to the aforementioned
papers for a more detailed discussion.

The photometry was performed using SExtractor in dual-
image mode on seeing-equalized images, using the unconvolved
lensing band as detection image. This ensures good-quality galaxy
colours and proper total flux estimates in the lensing band. For
the lensing measurement, we apply the ‘TS’ shear measurement
pipeline (Heymans et al. 2006; Schrabback et al. 2007; Hartlap
et al. 2009), an implementation of the KSB + algorithm (Kaiser,
Squires & Broadhurst 1995; Erben et al. 2001). The PSF anisotropy
is traced by measuring the brightness distribution of sources
identified as unsaturated stars in the magnitude versus half-light
radius 9 plots.

For the clusters observed with WFI, we use the R band for the
shape analysis since it is usually the deepest and has the best seeing
out of the three bands. In cases where we have to rely on archival
data, we choose the filter which offers the best compromise in terms
of seeing, depth, and number of images. The latter factor becomes
important when the number gets small. Since we apply our PSF
correction on the coadded images, we rely on image distortions
being smooth over the whole field. This assumption can be violated
at the position of chip gaps if the observation conditions have
changed between the exposures. In some cases such as RXC 1504,
we had to combine the photometry data of WFI with the shear
measurements of Suprime—Cam since the WFI R band data were
split into two different pointings making it difficult to correct for
the PSF anisotropy. The residual PSF anisotropy after correction
has a dispersion of 0.004 < ¢ < 0.011 in the lensing image and
a nearly vanishing mean value typically two orders of magnitude
smaller than the dispersion.

We keep sources in our lensing catalogue which are fainter than
the brightest unsaturated point sources and whose half light radius
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are larger than that of stars ¥4y > ¥, . Since the estimate of the
half light radius gets more and more noisy for fainter sources, we
also include faint sources with ¥, < Uga < 9, for R > 23.5.
For sources in the same size range but between R = 23.5 and
the magnitude R}, ~ 22, where the stellar locus in the 9 vs. R
distribution becomes indistinguishable from the cloud of galaxies,
we exclude all sources which have more than 10 stars in the colour—
colour region that is created by the source colours and its errors. As
a reference, we consider stars in the COSMOS photo-z catalogue.

The choice of the magnitude limit is motivated by the assumption
of an absolute magnitude of My = 17 mag (Henry 2004) for the
faintest main sequence stars, a thin galactic disc of scale height of
240 pc (Juri¢ et al. 2008) and typical colour of V — R = 1.2. The
limit of R = 23.5 therefore accounts for the majority of stars within
the galactic disc for galaxy clusters at galactic latitudes of 40° or
higher.

3.4 Shear profile modelling and cluster masses

In order to obtain cluster masses from our shear measurements, we
are again following a similar approach as described in Israel et al.
(2010) and model the tangential ellipticity profile () of a cluster
with the reduced shear profile g(0, X.it; 200, C200) (Bartelmann
1996; Wright & Brainerd 2000) of an NFW (Navarro, Frenk &
White 1995, 1996, 1997) density profile. In contrast to Israel et al.
(2010), we do not assume a source sheet with common X ;. Instead
we use individual ¥ ;(B;) based on the individually estimated S,
for each galaxy i. We derive the best-fitting profile parameters 709
and c¢00 by minimizing the merit function

- 2
K= i | 8161, Zerivis 1200, OnFw) — E0i(6))] . ®)

. 2
i=1 &7 (1 — |8i(61, Zerivis 200, oNFW)] )

which is calculated on a regular grid in the r,00—c200 plane. Here, ro
corresponds to the radius within which the enclosed mass density
equals 200 times the critical density p.(zq) at cluster redshift z4.
The concentration parameter cannot be well constrained with our
weak lensing data. For this, we therefore adopt a prior from the
mass—concentration relation given in (Bhattacharya et al. 2013) for
the final mass estimate. A detailed discussion on the concentration
parameter obtained with and without prior is presented in Sec-
tion 6.1.2. The modified tangential ellipticity & is the measured
tangential ellipticity multiplied by a global shear calibration factor
fo = 1.08, identical to that used in Israel et al. (2010). The error &;
scales as 6; = foo./ /2, where o . is the dispersion of the measured
ellipticities.

The index i runs over all lensing catalogue galaxies with sepa-
rations within the fitting range 6, < 6 < 0. from the assumed
cluster centre. The denominator of equation (8) accounts for the
dependence of the noise on g;(0;) itself (Schneider, King & Erben
2000). After estimation of ryy, the cluster mass within that radius
can be calculated as follows

— 200 3
Mo = 200 3 Pc(za)r3gq - ©)

Calculating x? on a grid, some areas of the explored parameter space
can result in a model which suggests g; > 0.5 at 8; > 6 ;. In those
cases, we change 0, to the value which is fulfilling g;(0 nin) = 0.5.
The impact of this additional constrain is typically negligible and
mainly ensures robustness of the results when exploring more exotic
areas of the parameter space. It is therefore only needed for the case
where the concentration is free to vary. The application of the prior
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from the mass—concentration relation further ensures a reasonable
parameter space. We centred our profile fits to the position of the
BCG and list 6, and 0, in Table 2.

3.5 Weak lensing convergence maps

Besides the accurate measurement of the total mass, the mass
distribution of the galaxy clusters can also be of interest. Especially,
in case of studies of individual clusters, the mass distribution can
give insights into the dynamical nature of a cluster.

For the convergence reconstructions, we are using the finite-
field inversion algorithm (Seitz & Schneider 1996, 2001). The mass
sheet degeneracy' is broken by using the assumption that the mean
convergence vanishes along the edge of the images. A violation of
this assumption would lead to a wrong normalization but would
not affect the general shape of the cluster mass distribution. The
lensing convergence or surface mass density « is calculated on a
regular grid with a grid size of ~5 arcsec. On each grid point, we
use an aperture radius of 6, = 1.5" where the input shear field is
smoothed by a truncated Gaussian filter with an FWHM of 0.555 04
dropping to zero at 0 5. By using the assumption of a linear scaling
of k¥ with B, we rescale the observed ellipticites to the average f.
This assumption produces a bias at higher convergence but accounts
for changes in image depths and contamination. For RXC1347, we
corrected the contour levels of the WFI map with respect to the
average 8 found in the Suprime—Cam data.

4 BACKGROUND SELECTION

As stressed in the previous section, distance estimates of the
observed galaxies are important to avoid biases and to minimize the
number of cluster members contaminating the lensing catalogue.
Unaccounted contamination will cause a dilution of the signal and
result in a systematic bias of the mass estimate. While this might be
sub-dominant compared to statistical errors for a single cluster, this
systematic effect becomes important for the investigation of large
cluster samples.

Current background selections based on two colours typically
exclude certain regions in colour—colour space (cc-space). One of
the most thorough studies of the cc-space for an optimized weak
lensing background selection was made by Medezinski et al. (2010).
There, the regions were selected by their mean distance with respect
to the cluster centre and the number density in colour—colour-space.
This method allows to find easily the location of the red sequence
galaxies for relaxed clusters but not the bluer cluster and field
galaxies which are less or not concentrated at the cluster centre.
These galaxies were excluded by introducing a second region,
based on overdensity in the cc-plane and the lack of a significant
weak lensing signal. These selection polygons were then justified
by evolutionary colour tracks and the application of the colour cuts
on a photo-z catalogue. However, Ziparo et al. (2016) developed a
photometric method for selecting blue galaxies for their inclusion
into lensing catalogues.

Related to the background selection is also the estimate of B for
individual galaxies, or, using the source-sheet approximation, the
mean lensing depth (B). Colour cut methods usually simply apply
the polygon selection to a reference photo- z catalogue to derive
(B) and thus do not account for remaining differences between

I'The observed reduced shear is invariant under convergence transformations
of the form k — k' = Ak + (1 — 1) for a scalar constant A.
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Table 2. Lensing results. Columns (2)—(5) show detection—optimizing distance ratio cuts Scyut, the lower purity cuts pey (4.2), the mean distance ratios (8),
and mean purity (p,),of the background galaxy sample. In Columns (6)—(8), we give the radii 200, concentration parameters c200, and cluster masses M»go
obtained from the NFW fits to the shear profile (3.4). Assuming these profiles to be correct, the corresponding A = 500 values were computed [Columns (8)—
(10)]. The radial range of these fits is defined between the separations O iy and @myax in Columns (11) and (12). (S): Results based on Suprime—Cam. (W):
Results based on WFI.

Cluster Beut  peut (Bg)  (pg) Rago €200 M>oo Rs00 €500 Ms00 Omin Omax
[Mpc] [10™ My] [Mpc] [10"*Mg] [arcsedlarcmin]
A2744 047 05 055 091 2327013 3307110 17475397 L4100y 2.127070 11557190 120 1100
RXCJ0019.0—2026 036 04 054 092 2057013 345713 105173 124800 222707 770t 30 1000
A2813 033 03 053 09 2107013 345N 1241729 1277098 2227074 830111 40 900
A209 054 08 07 096 218700 3557118 13497]82 357006 5 09F076 9087122 90 1000
XLSSC 006 03 06 045 085 L7170 335712 7497300 02700y 257073 497713 30 850
RXCJ0232.2-4420 04 05 052 093 L8770  3.60%130 759038 109t 233707 s513%% 50 800
RXCJ0245.4—-5302 036 08 051 093 1647028 370713 sa1TFE 0957002 240708 347715 15 1000
A383 048 0.8 065 094 1927010 370713 86178 11700 2407080 5867103 40 900
RXCJ0437.1 + 0043 025 05 051 091 2127018 345t 12285 126001 2227070 81073 10 900
MS0451.6—0305 036 06 04 091 L797017 315707 9317390 L0470 201708 6.087TF 30 900
A520 043 07 066 094 1867019 3707123 80274 1147005 2407080 545T0% 5 900
RXCJ0516.6—-5430 028 0.6 05 091 2137015 3407113 12647390 1277000 219707 842708 60 1100
RXCJ0528.9—-3927 039 05 054 092 1747015 365012 647730 1037010 236707 438713 20 1000
RXCJ0532.9-3701 034 06 056 094 1987013 35077 1008715 L19T00Y 226707 6.76%13% 45 1000
A3404 054 06 069 097 2237017 365112 1240733 133101 236707 8407228 60 1000
Bullet 031 05 05 09 1977018 35077 93473l L1t 226707 6277390 10 1100
A907TW) 063 07 073 098 1.627017 40013 426718 094101 261708 2.95t018 30 1000
A907S) 063 08 075 097 1.66701% 3951132 4917148 0991090 2577086 3301192 60 900
RXCJ1023.6 + 0411 04 06 056 09 20670% 345713 1238778 1277000 2227070 8.28%100 20 900
MS1054.4—0321 0.15 03 021 078 2487022 2557085 230372380 12370 1607037 14.207[530 100 660

MACSJ1115.8 +0120" 037 0.6 047 089 1737030 3550118 624727 0997017 220707 420718 40 1000
MACSJ11158 +0129® 033 05 048 09 185705 3457113 81239 1087013 222707 54371 300 900

—1.15
A1300 034 05 05 09 1907018 35077 8.6873%  L12f)l) 226707 582t 90 1000
RXCJ1135.6—2019 037 05 053 093 L73701¢ 360713 662ty L0300 233707 447t 5 1000
RXCJ1206.2—-0848 038 05 045 096 2.0970% 3200107 13217580 122700 205708 8.67728 100 800
MACSJ1311.0—-0311 023 02 037 08 1887515 3207107 1061739 111t 205708 696tl 10 900
A1689 046 0.5 065 091 2857007 335712 30987330 L79%00: 215707 2056713 50 1200
RXJ1347—1145") 02 04 035 087 21870% 3157907 1535748 1277002 201706 10.037398 40 1000
RXJ1347—1145 017 04 038 087 2387015 3055192 2060748 142f009 194706 14.001392 30 1000
MACSJ1359.2—1929 024 03 037 087 1707032 3407113 628732 0957014 2197078 419728 20 900
A1835 044 06 06 096 251701% 335742 2070738 152700 2159073 1374733 60 900
RXJ1504 049 07 064 094 1.87701% 37005 7727R% L2t 240708 525138 5 1000
A2163 05 08 062 095 2537018 345N oM 1s1t02 0 222707 12781307 90 900
A2204 054 08 07 097 205701 37503 958735 1327000 243708 65318 5 1000
RXCJ2014.8-2430 069 08 071 098 203703 38073 7867330  L16f)lS 247708 5371350 60 1000
RXCIJ2151.0-0736 031 07 051 094 1477031 38503 324710 os2tle 250708 222713 30 1000
A2390 046 08 065 093 2207010  3.5077  14.017RY 1357000 226707 9.40%19F 50 1000
MACSJ2214.9—1359 027 03 039 083 20370% 310119 1290742 117t 1.9870% 839728 20 660
MACSJ2243.3—-0935 02 05 042 086 2187017 3151107 1574757 129700 201708 1029738 120 850
RXCJ2248.7—-4431 049 07 057 09 219701 3301100 1489733 132709 2.12707 9.847308 45 890
A2537 037 06 052 087 2257013 335713 1577038 13700y 25707 1046718 70 1000
RXCJ2337.6 + 0016 0.19 07 055 088 1.99701}  3.50%17 10567308 1217007 226707 7.08%137 25 900
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Figure 3. Distribution of COSMOS photo-z galaxies in colour—colour space. Left-hand panel: Galaxies brighter than R = 22. Right-hand panel: Galaxies
22 < R < 24. Several redshift slices are colour-coded. Circles mark different regions for which redshift distributions are shown in Fig. 4.
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Figure 4. Redshift distribution of galaxies falling in the colour—colour space regions marked in Fig. 3. Red histograms show galaxies brighter than R = 22,
green histograms galaxies with 22 < R < 24, and blue histograms galaxies fainter than R = 24.

the redshift distributions of the cluster and reference fields. A
background selection which avoids manual definition of regions
and allows for individual distance estimates is therefore highly
desirable, especially in case of large cluster samples.

4.1 CC-diagram of COSMOS

To help the reader to visualize the properties of galaxies in colour—
colour-magnitude space, we shortly discuss these on the example
of the B, V, R filter set with COSMOS.

As reference photo-z catalogue, we chose the COSMOS photo-z
catalogue (Ilbert et al. 2009) because it covers a huge wavelength
range with 30 bands, including bands close or identical to our
observational data. In terms of depth and image quality, the used

version of the COMSOS catalogue is comparable or deeper than
most of our data. The panels of Fig. 3 show the colour—colour
diagrams of galaxies in the COSMOS catalogue for magnitudes
R < 22mag and 22 < R < 24 mag. The latter roughly reflects the
typical depths of our WFI observations. Different plotting colours
indicate different redshift bins.

In these panels, one can recognize regions which are populated
with galaxies with a tight redshift distribution, and other regions
with a mixture of different redshifts. Investigating the distribution
of galaxies of a single-redshift slice, we see that they are arranged
in elongated stripes in the cc-diagram. These stripes reflect the
diversity of galaxy types, starting at the blue corner (low B — V and
V — R values) with strongly star-forming galaxies and ending at the
red side with elliptical galaxies with no significant star formation.
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The fact that we observe that kind of redshift distribution in the
cc-diagram gives us the opportunity to identify red as well as blue
cluster members at a certain redshift. In order to highlight how
the redshift distribution varies with position in colour—colour and
magnitude space, we show in Fig. 4 the redshift distribution of
galaxies in six different regions and in three different magnitude
bins. For the two brighter magnitude bins, regions with very tight
redshift distributions exist, such as Regions 3 and 4. Others, like
Regions 1 and 5, show a broader distribution in all magnitude
bins. One can also see a magnitude dependency in several regions.
Region 1 has basically no sources brighter than R = 22 mag but
is the densest region in higher magnitude bins. For all except
for Region 1, going from the brighter to the fainter subsample,
one can see a broadening of the distribution as well as the rise
of a second broad peak at z > 2.5. The broadening of the
distribution comes partially from the increasing photometric errors
of the catalogue, but the rise of the high-z peak is also caused by
real sources at that redshift. These sources are indistinguishable
from lower redshift sources for the filter set we used here. For
sources fainter than R = 24 mag, the broadening of the redshift
distributions results in a mix of a vast redshift range. However, this
is not harmful for our purposes: the typical image depth before
lensing cuts usually does not exceed R ~ 24.5 mag, while size and
shear measurement quality cuts further reduce the number of faint
sources.

To exclude sources with strong bimodal redshift distributions
where one peak is at or below the cluster redshift while the second
is at high redshifts, we calculate the probability of a galaxy to be
background galaxy p, for each galaxy g. Requiring a minimum p,
helps to avoid such cases in the lensing catalogue. Additionally, it
allows to include galaxies with high probability of being background
galaxies, even if the average distance is only slightly above the
cluster redshift.

In addition to the limitations due to the available filter set,
some limitations arise from the used photo-z catalogue. Before
introducing a background selection, these limits of the used photo-z
catalogue have to be investigated. One of the major points of concern
is the cosmic variance. The volume probed in the two square degree
field of COSMOS is smaller for lower redshift ranges, which makes
the influence of cosmic variance more prominent. For example,
there is no massive galaxy group or cluster below redshift z < 0.2
in this field, resulting in the absence of red galaxies of this redshift in
the COSMOS catalogue. The lack of these galaxies may influence
the background selection but should not effect the mean redshift
distribution of the background sample. Cosmic variance at higher
redshifts and its effect on the mean lensing depth will be discussed
in Section 5.2.

Fig. 5 shows the calibrated cc-diagram of RXCJ 0532 for galaxies
brighter than R = 22. Overplotted in blue are galaxies from
COSMOS with redshifts of 0.27 < z < 0.28. Comparing with the
left-hand panel of Fig. 3, one can see the overdensity of galaxies for
redshifts lower than z = 0.3, revealing the presence of a massive
cluster. The overdensity at Region 3 marks the location of the red
cluster galaxies for a cluster at redshift z = 0.275.

4.2 Background selection based on COSMOS

To convert the photo-z information in colour—colour—-magnitude
space (ccm space) into a background selection, we choose the
angular diameter distance ratio 8 = Dys/Ds and the purity estimator
p, which gives the probability of being a background galaxy,
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Figure 5. Colour—colour diagram of the RXCJ 0532 cluster field, showing
galaxies brighter R = 22 mag (red symbols). Blue symbols show galaxies
in COSMOS with 0.27 < z < 0.28 and brighter R = 22 mag. The circles
mark the same regions as in Fig. 3.

as selection criteria, and calculate these values for each galaxy
individually.

Since the shear signal scales with g, the B criterion enables us
to exclude regions of ccm space which carry no or only low signal,
typical for regions dominated by foreground and cluster galaxies.
Because the presence of a massive cluster alters significantly the
redshift distribution at low redshifts compared to the distribution in
the COSMOS field, the purity estimator can put only a lower limit to
the contamination. Since we directly calculate 8, we do not need to
derive individual redshifts for the galaxies in the lensing catalogue.
Nevertheless, the method described below can be used in a similar
way to calculate individual redshifts as well.

To calculate B, for each galaxy g in our lensing catalogue, we
apply the following scheme to each source. First, we define an
elliptical cylinder in ccm space centred on the position of the galaxy
in ccm space. The elliptical base is defined by o; and o, which
are the measurement errors of the two colours measured for this
galaxy. Its height is defined by the magnitude uncertainty in the
lensing band.

We now use this cylinder to select galaxies in ccm space from
the photo-z catalogue. In order to ensure sufficient statistics, we
require at least 50 selected galaxies. If not enough galaxies are
found, we increase the size of the cylinder by 10 per cent in each
direction unless the minimum number of sources or a maximum
size (2.5 mag in either colour axis) is reached. In the latter case,
we treat the measurement as outlier and set 8, = 0. Finally, we
calculate B, as the weighted mean of the angular diameter distance
ratios (cf. Fig. 2) B(zq, zx) of the selected galaxies in the photo-z
catalogue, with z; the photo-z of the kth source inside the cylinder,
and z4 the cluster (deflector) redshift

_ S w(Act g, Acy)B(zas 70)
S w(Act g, Acay)

As weight function w(Acy x, Acy i), we use a 2D Gaussian
function centred on the colours ¢, , and ¢, of the lensing catalogue
galaxy g, with standard deviations of o. and o.. The two
parameters Ac ; and Ac; ; are the differences in colour of the
photo-z galaxy k with respect to g,

Be (10)

Acix =Cix—Clg, ACry=Cop —Cog. 11
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Figure 6. S/N at the cluster position taken from the S-statistics maps versus
remaining background galaxies using B, for selection (red) and magnitude
cut (blue) for A907 (top) and RXC0532 (bottom). The abscissa start at the
complete catalogue of candidate background galaxies derived in Section 3.3,
i.e. Beur = 0. Going to the right, B¢y increases, resulting in a progressively
purer but smaller catalogue.

We restrict our weighting to the colour—colour plane since the
magnitude-dependence within the cylinder is much weaker than
the colour dependence. A full 3D weighting was tested, but with no
significant improvement and higher sensitivity on the zero point
calibration. We therefore choose the simpler treatment for our
distance estimate.

In the same way as f8,, we can calculate p, by simply replacing
B(zx) with the Heaviside step function ®(z; — zq):

. Z;[(V:l w(ACyk, A )O(zk — 2q)
S w(Aci g, Acay)

A first selection can be made by investigating the dependency
of the signal-to-noise of the lensing detection as measured in S-
statistics maps (Schirmer et al. 2007) on a minimum cut in . We
can find a B, which maximizes the S/N at the position of the cluster
peak, this we call ‘peak S/N’. It marks the point from where on the
decrease of the number of background galaxies becomes dominant
against the effect of a cleaner catalogue on the signal to noise. Fig. 6
shows the peak S/N over the number of galaxies left in the lensing
catalogue for A907 (z = 0.1527) and RXC0532 (z = 0.2745).
Instead of using the peak S/N, one can also use the integrated S/N
over a certain aperture or S/N threshold as an estimator. For the

12)

Pg
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majority of the clusters presented in this paper, the so-found Sy is
insensitive against which of the estimators is used, but for extreme
merger with several shear peaks one can find different values. Those
clusters then have to be investigated individually. Despite the fact
that the redshift of A907 is lower than the closest cluster in the
COSMOS field and therefore red galaxies at that redshift may be
lacking, the background selection still yields an S/N increase by
0.8 compared to a magnitude cut or no cut at all. In the case of
RXCO0532 (Fig. 6, bottom), one can see a clear peak corresponding
toacutat S, = 0.27. For comparison, we also plotted the S/N curve
for a simple magnitude cut selection. It excludes galaxies brighter
a certain magnitude value. Since both methods depend only on one
parameter, we can compare both methods based on the number of
galaxies left in the lensing catalogue. Note that the so-found .y, max
is just the lowest reasonable cut that can be made, since lower values
yield lower S/N. It provides the reference value for the final estimate
of By that will be discussed later.

Generally, given the imaging bands we choose, the redshift
distribution changes smoothly in the cc-plane. In principle, there
is a risk that B could be biased high in highly bimodal redshift
distributions, where one peak may lie at or below the cluster redshift.
Such galaxies might not be excluded if we use $ as the only selection
criterion. However, most contaminant foreground galaxies have a
higher probability to be located in regions of the cc-plane where
the median redshift of the populations is low in the first place.
Therefore, a cut in B is sufficient for most of our cluster redshifts
and colour combinations. But to avoid stray low-z interlopers in
high-z regions of the cc-plane, additionally, we explicitly exclude
regions with high contamination (low p) using the purity estimator
p and include sources with p = 1.

Fig. 7 illustrates the background selection in colour—colour space
for two magnitude ranges for the galaxies in the RXCO0532 field.
Marked in blue are galaxies which are rejected from the lensing
catalogue. A detailed discussion about remaining contamination
can be found in Section 5.1. The values of Beu, Peu (B), and ( p)
can be found in Table 2.

4.3 Accounting for second-order effects

Some systematic effects on the weak lensing mass estimate can be
accounted for if the mass or the shear profile is already known.
We, therefore, decided for an iterative approach where the previous
mass estimate is used to account for the impact of a broad redshift
distribution on our estimate of j,, and to account for difference in
redshift distributions of the cluster field and the reference field.

4.3.1 Correction for differences in redshift distributions

As of now, the estimate of B, assumes that the redshift distribution
of the reference catalogue at a given position in ccm space
reflects the true redshift probability distribution for that galaxy.
Beside variations due to cosmic variance, this assumption becomes
increasingly incorrect the more the ccm regions of cluster galaxies
and background galaxies start to mix up. As discussed in the
previous section, we assume those regions get excluded by our
S/N optimization step, as long as the redshift distribution does not
get bimodal. Nevertheless, we try to account for this effect in a
second iteration of the mass measurement, using the mass from the
first measurement.

We estimate the impact of the cluster galaxies on the redshift
distribution in a given colour—colour region by splitting the observed
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Figure 7. Top panel: Galaxies in the RXCJ0532 field brighter than R = 22
mag. Blue points mark excluded foreground and cluster galaxies; red points
mark background galaxies. Bottom panel: The same, but for the magnitude
range 22 < R < 24 mag.

field into several radial bins, depending on our first measurement of
r200- For each radial bin, we create a smoothed galaxy density map
in colour—colour space. We normalize these maps by dividing them
by the map obtained for the outermost bin,which is set to » > 1.5709
or at least outermost 10 per cent of the sources in case of nearby
massive clusters. Under the assumption that the outermost bin is
close to the cosmic average, the resulting maps show the difference
of the redshift distribution within this bin to the cosmic average.

‘We only aim to account for the strongest effect of the cluster on the
redshift distribution, which is caused by the cluster galaxies. More
subtle effects such as that caused by the weak lensing magnification
effect are ignored.

For any galaxy g in a radial bin b that lies within a colour—colour
region with a significant positive peak, we correct the estimated S,
by dividing the initial 8, by v,(c, c2), the corresponding value of
the normalized maps. This correction assumes each positive peak in
those maps to be caused by cluster member galaxies, which do not
carry a shear signal. To ensure that we do not select possible clusters
at higher redshift than our targeted clusters, we visually investigate
the selected regions and compare them with the expected location
of cluster members. Performing the correction within several radial
bins ensures that radial trends such as the probability of being a
cluster member as well as changes in the mixture of galaxy types
are captured.

4.3.2 Accounting for broad redshift distributions
The expected reduced shear caused by a cluster can be calculated

via equation (5) if B is precisely known. In the absence of a precise
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estimate, one has to account for a broad distribution in 8. Using
B, derived as a weighted mean over reference sources assumes
linear dependence of the reduced shear with 8. This is only valid
for small ¥ and y and becomes increasingly incorrect towards the
cluster centre. Although this effect is assumed to be small, we aim
to correct for it during the second iteration of the mass estimate.
Under the assumption that our first mass estimate of a cluster
is approximately correct, we can calculate the expected reduced
shear for a given source with cluster-centric distance 6 and angular
diameter distance 8. This allows to recalculate the B, , such that it
satisfies the equation

S w(Acy e, Acay) 80, B(za. %))
vp(ct, €2) Z;}(V:l w(Acyk, Acay)

In contrast to equation (10), we are now estimating our second step
B, 2 as the value that gives the same reduced shear as the weighted
average of the expected reduced shear, calculated from the reference
sources at the position of galaxy g. Further, we include the correction
term vy (cy, ¢3) from the previous sub-section to account for redshift
distribution differences caused by the cluster itself.

80y, Bg2) = 13)

5 INVESTIGATING SOURCES OF
SYSTEMATICS AND SCATTER

5.1 Remaining contamination and contamination correction

The background selection by imposing a cut S, that optimizes the
signal does not preclude contamination by cluster and foreground
sources. We therefore perform two types of tests to identify
remaining contamination by cluster galaxies, first on individual
clusters and finally on a stack using all clusters.

5.1.1 Shear profiles from low-z and high-z background galaxy
samples

To check for remaining unaccounted contamination, we split the
background sample into a low-8 and a high-f sub-sample of equal
size and investigate the tangential shear of these sub-samples. Since
we assume that the low-8 (low-z) part will be affected more by
contamination than the high-8 sub-sample, we expect it to have
lower tangential shear, especially towards the cluster centre where
the density of cluster galaxies is higher. To account for the different
B of the two background samples for a given cluster, we use the
assumption that the approximation g = y ; holds and therefore the
reduced shear scales simply with . We test this for all clusters in
our sample. Fig. 8 shows the binned tangential shear of these sub-
samples for the three example clusters. In most cases, both samples
agree well with each other, in particular if there is no hint of an
increasing dilution towards the cluster centre.

5.1.2 Galaxy density profiles

A frequently used tracer for contamination of the background galaxy
sample is the number density of sources in dependency of the
radial distance to the cluster centre [e.g. Applegate et al. (2014);
Hoekstra et al. (2015); Dietrich et al. (2019)]. The usual assumption
is that a clean sample would have a constant number density and
contamination by cluster galaxies would show up by an increase
of the number density towards the cluster centre. However, several
physically and observational effects complicate the interpretation of
these plots. The magnification effect can create a similar positive or
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Figure 8. Binned tangential shear for A907 (left), RXC0532 (middle), and RXC1347 (right). The continuous line represents the low-redshift subsample, the

dashed line the high-redshift background subsample.

a counteracting negative number density profile, depending on the
redshift, brightness, and size distribution of the background galaxy
sample. In addition, the obscuration by cluster and foreground
galaxies, holes in the data set created by masked areas, changes
in the depth of the field, and small-scale clustering can impact
the radial density profile, if not accounted for. Finally, one has
to account for the next-neighbour filtering in the lensing catalogue
which excludes close source pairs from the catalogue to avoid wrong
shape and flux measurements. Since the total number density of
sources and therefore the probability of close pairs increase towards
the cluster centre, this filter has also a radial dependency. This effect
is difficult to model, therefore some authors like Applegate et al.
(2014, hereafter A14) use a less filtered source catalogue for their
contamination estimate rather than the final lensing catalogue. But
since close pairs not only effect individual shear measurements
but also the photometric quality, the lensing catalogue might be
slightly cleaner than the other catalogue used to derive the galaxy
density profile, since it avoids sources with blending issues. The
number density plots of the lensing catalogues seen in Fig. 9 are
accounting for most of the measurement effects except the next-
neighbour filtering and small-scale clustering. All plots show a
depletion of background galaxy density profiles towards the cluster
centre, which can be interpreted as being caused by either the next-
neighbour filtering, the magnification effect, or a combination of
these effects. The lack of an increase towards the cluster centre at
least supports the result of the previous test that there is no obvious
cluster contamination left.

5.1.3 Stacked profiles

Individual profiles yield an insight to the cluster-by-cluster per-
formance of the background selection, but do not offer sufficient
statistics to search for small amounts of contamination. For this
reason, both tests were repeated using a stack of all clusters. We
stack the background catalogues, scaling the radial distances by our
estimates of 9. For the shear profile test, we split the background
galaxy catalogue of each cluster by its median  to ensure that each
cluster contributes equally to each sub-sample. To account in a more
precise way for the difference in the average § of the sub-samples,
we first fit an NFW-based shear profile to the total background
sample. We then scale the measured ellipticity of each source by the
ratio g(B, 1)/g({B). r), the expected shear for the galaxy at distance
r using B, over the expected shear at the same position using the

average f of the full background sample. The resulting shear profiles
are shown in Fig. 10 (left-hand panel). The shear profile fits yield-
consistent results for the low-8 and high-g stacked background
samples, suggesting either a very low unaccounted contamination
or that the contamination in both subsets are essentially of the same
order.

In case of the stacked galaxy density profile, we normalize the
density profile of each cluster by dividing the profile by the median
density beyond 1.5 ryp0. The right-hand panel of Fig. 10 shows the
median of the normalized densities of the individual clusters for
each radial bin. Similar to the individual profiles shown in Fig. 9,
the stacked density profiles of background galaxies show a clear
decrease towards the cluster centre. The density of excluded sources
increases by a factor of 2.6 towards the cluster centre.

Despite the encouraging results in Figs 8, 9 and 10, we expect
some remaining minimum contamination of up to ~14 per cent
judging by the mean of the purity estimator as can be seen in
Table 2. This contamination of ~14 per cent is mainly due to
foreground galaxies and should not be related to the presence of
a cluster. The remaining contamination is therefore included in our
reference catalogue and is of the same amount as for the cluster
fields. When calculating 8, we therefore automatically include the
correct amount of contamination by foreground sources yielding an
unbiased estimate of B, and with that of the cluster mass.

5.2 Mean lensing depth and cosmic variance

The reduced shear g;(0;) exerted by a lens on the image of
a background source depends on the ratio of angular diameter
distances S, and the resulting cluster masses via equation (9) scale
roughly linear with it.

A point of concern in weak lensing is the influence of cosmic
variance on the determination of the mean lensing depth. Where
unaccounted cosmic variance in a cluster field results in an addi-
tional source of noise, the effect of cosmic variance in the reference
photo-z catalogue would systematically affect the mass estimate.
The cosmic variance on the mean redshift of a COSMOS-sized field
can be estimated to be approximately 3 per cent (van Waerbeke
et al. 2006). To backup this approximation and to explore how
this impacts our measurements, we utilize the COSMOS and the
CFHTLS deep fields (Ilbert et al. 2006).

Our background selection estimates B, for each galaxy. There-
fore, it is straightforward to calculate (8) for the whole cluster field.
Cosmic variance can act in two ways on the background sample:
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Figure 9. Binned galaxy number density for A907 (left), RXC0532 (middle), and RXC1347 (right). Blue symbols show sources excluded from the lensing

catalogue; red symbols show galaxies included in the lensing catalogue.
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Figure 10. Left: Similar to Fig. 8 but stacking the shear profile of all clusters. The shear of low-z (blue) and high-z (red) background galaxy sample is scaled
to the average f of the full sample. The corresponding fits to the different samples are shown as continuous lines with the corresponding colour. The black
line shows the fit to the full sample. Right: Similar to Fig. 9 but using stacking all cluster catalogues. Blue symbols show sources excluded from the lensing
catalogue; red symbols show galaxies included in the lensing catalogue. The number density of the stacked cluster sample is normalized to one at 2 r2gg. The
vertical dash—dotted line indicated the typical fitting range for the shear measurement.

First, it can change the number density of sources in a certain region
in ccm space. Second, it can alter the redshift distribution of a given
ccm region with respect to the photo- z catalogue used for our
selection. The first effect will not affect the estimate of () or B;
but the second one does.

In order to estimate the level of scatter in () that is induced
by the cosmic variance and how far our background selection can
reduce the scatter, we explored the behaviour of this quantity in nine
individual subfields of the COSMOS field. The size of 30 arcmin x
30 arcmin of the subfields matches the typical field sizes of our
observations. We apply our background selection on these fields by
assuming the typical cuts in g for three different cluster redshifts.
Afterwards, we measure the mean lensing depth (Bmeas); based
on our method and the mean lensing depth (B.); obtained by
using directly the COSMOS redshifts of each galaxy for each
field i.

The left-hand panel of Fig. 11 shows the mean value of
(Bmeas)i/ (Buue)i Of the nine subfields for different limiting mag-
nitudes and redshifts. The errorbars indicate the standard deviation
between the fields. On average, our method recovers the true mean
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lensing depth within 0.5 per cent, but significant scatter is found
between subfields.

To investigate if this scatter is introduced by cosmic variance or
by noise in our method, we measure scatter of the mean true lensing
depths between the subfields. The middle panel of Fig. 11 shows
the standard deviation between fields over the average of the mean
lensing depths over all subfields scos = 0g,e); / ((Birue)i)- The scatter
introduced through cosmic variance on the mean lensing depth is
a string function on imaging depth and cluster redshift, but falls
below 4 percent even for z = 0.45 for catalogues reaching depths
greater than R = 24. At this point, it is important to note that this
test assumes approximately similar imaging depths for all subfields
in COSMOS and that all fields are uncorrelated. Given the size of
the COSMOS field, we expect some correlation between subfields
potentially causing an underestimation of the scatter.

To measure by how much our method to derive individual B,
reduces the impact of the variance between fields, we compare
the scatter between recovered and measured mean lensing depth
Smeas = O(Beas)i / { {Burue)i) With the scatter found between subfields
(Scos)- In the right-hand panel of Fig. 11, we show the ratio Smeas/Scos»
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Figure 11. Tests on COSMOS subfields. Left: Mean ratio of mean lensing depth measured by our method over true mean lensing depth. The errorbar indicates
the field to field scatter (smeas). Middle: Scatter in true mean lensing depth between fields divided by the mean over all subfields (scos). Right: Ratio of measured
scatter Smeqs OVEr cosmic-variance-induced scatter sqos. All measurements are for three cluster redshifts and as function of limiting magnitude Rey;.

again for different cluster redshifts and limiting depths. We find
that the scatter between measured and true mean lensing depth
is 20—40 per cent smaller than that caused by cosmic variance
between fields.

For individual clusters, the scatter, compared to the typical
measurement scatter of ~25, is small enough to be ignored if the
imaging depth is high and the cluster redshift low enough. But
assuming that the 20 —40 per cent reduction in scatter is maintained
also for the full COSMOS field, the overall systematic uncertainty
on mean lensing depth that comes from the limited size of the
COSMOS field is reduced too.

In order to examine the significance of the trends we see in
Fig. 11, we mimic repeated observations of the same subfields. To
this end, we randomly varied the colours of the individual sources
in the photo-z catalogues within their photometric errors. We ignore
an additional scatter that may come with an imperfect zero-point
calibration.

We created 20 realizations of the same subfield for three of our
nine subfields used in our previous test. The scatter of (Byue)i —
(Bmeas)i, j over all realizations j of a subfield i is of about one order
of magnitude smaller than the scatter found for sp,e,s, indicating that
the remaining 60— 80 per cent scatter seen in the right-hand panel
of Fig. 11 is driven by variance of the redshift distributions and not
by the scatter in the photometry of the observation.

5.2.1 Cosmic variance on the scales of the reference field

To further investigate the impact of cosmic variance on the mean
lensing depth on scales of the size of our reference catalogue, we
make use of the four CFHTLS deep fields. They consist of four
well-separated one-square-degree fields with five-band (u, g, r, i, z)
photometry allowing to derive individual source redshifts (Coupon
et al. 2009). We calculate B for all sources, assuming a cluster
redshift of z = 0.3. We measure the mean S for all fields separately
and for the merged catalogue for four r-band limiting magnitudes
between r = 23 and r = 24.5 mag applying a cut in photo-z of z >
0.5 to mimic the background selection. The faintest magnitude limit
was chosen to ensure that all fields are complete at that magnitude.
We find a scatter of 2.5-2.7 percent among the mean § of the
subfields with respect to the mean of the merged catalogue. As the
COSMOS catalogue is about twice the size of a single CFHTLS
deep field, the expected impact of cosmic variance is therefore lower.
Further, as shown in Fig. 11, our method is able to compensate
for 25—30 per cent of the scatter introduced by cosmic variance.

Naively imposing a +/2 scaling in area and a 25 per cent reduction
due to our method results in an estimated 1.4 per cent uncertainty
caused by cosmic variance within the limited size of the reference
catalogue.

5.3 Mean lensing depth and photometric calibration

In this section, we investigate the impact of the limited precision of
the photometric calibration on the recovered mean lensing depth,
using a sub-set of the COSMOS catalogue as input to our pipeline
to estimate angular diameter distance ratios f,.

5.3.1 Dependency on photometric zero point

To investigate the dependency of (Beas) on the estimated ZPs,
we use a sub-set of 40 000 randomly selected galaxies from the
COSMOS catalogue and vary the overall ZP by £0.05, £0.1
and 0.2 magnitudes. Those catalogues are then used as input
to our pipeline to estimate 8, assuming two different lens redshifts
of z= 0.3 and z = 0.45. The output catalogue is then matched
with the catalogue obtained without altering the ZPs. We calculate
the difference §8, for each source and finally measure the ratio
(8B¢)/(B) for different R band limiting magnitudes. The result of
this test is shown in Fig. 12.

We find that the sensitivity of our estimate of the mean lensing
depth is mainly a function of imaging depth. The differences
between the z = 0.3 and z = 0.45 cases is very small and reaches a
maximum of 0.5 percent. The difference between estimated mean
lensing and true mean lensing depth depends almost linearly on
zero-point for offsets of up to £0.2 and decreases with increasing
image depth. Beside these dependencies, the overall impact of zero-
point shifts on the mean lensing depth and stays small for the typical
depth of our weak lensing observations. We note that we do not
expect a systematic offset in zero-points in our data, since we used
a stellar locus based on our reference catalogue.

5.3.2 Dependency on colour offset

From Section 2, we expect a scatter of ~ 0.013 mag in the calibration
of the colours. To investigate how the mean lensing depth depends
on colour offsets, we repeat the previous test, but varying the colours
instead of the overall ZPs. We vary the colours by £0.01, £0.02,
and £0.03 mag and compare the estimated (8 peas) to that obtained
without shift of relative zero-points. The right-hand panel of Fig. 12
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Figure 12. Dependency of estimated 8, on photometric calibration (zero-point calibration and colour calibration). Left & middle: Mean difference <Ap,
> between B, derived with and without altering the R-band magnitude by AR over mean S of the unaltered galaxy sample, for different depths and cluster

redshifts.Right: Dependency on shifts in colour for a z = 0.3 cluster.

shows the outcome of this test, assuming a cluster at z= 0.3. The
colour-coded cells display (8 ¢ o — Bg 0)/(B g 0), the ratio of the
mean difference between S , evaluated with colour shift and without
colour shift, over the average B, without colour shift. The impact
of relative zero-point shifts is stronger for B — V shifts compared to
V — R shifts. For colour shifts of ~0.013 mag, the average lensing
depth changes by 1.3 per cent.

By construction, we do not expect the overall or the relative
zero-points to be systematically off from the reference catalogue.
Therefore, colour and zero-point shifts only contribute to the overall
mass—to—weak lensing mass scatter. Presuming no correlation
between the scatter in zero-points and colours, the overall scatter in
B can be estimated to be o ~ +/1.32 + 0.6 = 1.4 per cent, where
0.6 per cent comes from the 0.05 mag scatter of the absolute zero-
point for R = 24 depth. This is small compared to the expected
scatter between true mass and weak-lensing-based mass and is of
the same order as the scatter introduced by cosmic variance.

5.4 Shear calibration bias

The used KSB + shape measurement pipeline is known to recover
biased measurements for sources with low signal-to-noise ratio
(Erben et al. 2001; Heymans et al. 2006). Israel et al. (2010, 2012)
used a signal-to-noise threshold of 4.5 above which a constant
shear calibration factor of 1.08 (or 8 percent) is assumed. The
high number of clusters in this sample allows us to investigate the
signal-to-noise dependent shear calibration bias in greater detail.
For each cluster, we measure the radius r for different signal-
to-noise thresholds and normalize them by dividing each ryp by
the median over all thresholds. For each threshold, we derive the
median over all clusters, the standard deviation, and the error on the
mean, by dividing the standard deviation by the number of clusters.

Fig. 13 shows how the normalized scale radius r,y) depends on
a signal-to-noise threshold. The black error bars show the standard
deviation of the distribution of values around the mean, while red
error bars show the error on the mean. The mean scale radius stays
constant beyond a threshold of 5.25-5.5. Using galaxies with lower
signal-to-noise values can underestimate the scale radius by up to
5 per cent. For our analysis, we therefore choose a threshold of 5.5
for our conservative model and 4.5 for a signal-to-noise optimized
model. Following Israel et al. (2010, 2012), we assume a systematic
uncertainty on the shear calibration bias of 0.05, corrsponding to
4.6 per cent.
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Figure 13. Mean virial radius as a function of the signal-to-noise threshold.
Black error bars indicate the standard deviation of the estimated virial radii
while red error bars show the error on the mean value. The mean value above
signal-to-noise greater than five is shown as green dotted line.

To convert this uncertainty to cluster mass, we investigate the
response of the mass estimate on variations on the assumed shear
calibration bias. For that, we created synthetic, NFW-based, shear
profiles spanning the full redshift and mass range of our sample
using the Bhattacharya et al. (2013) c—M relation. We find that the
response of the cluster mass on the uncertainty of the multiplicative
shear calibration factor to be described by a linear relation with
slope 1.4. We further find a small approximately linear dependency
of the response on cluster mass and redshift, where we find 1.35
to be the lowest slope (reached at low mass and low redshift) and
1.45 as the highest slope (high mass and high redshift). Given the
redshift and mass distribution of the cluster sample, the value of
1.4 is a sufficiently good approximation for the vast majority of the
sample. An uncertainty of 4.6 per cent in shear calibration therefore
translates into 6.5 per cent in cluster mass. We note that the same
response also holds, to first order, for uncertainties in mean lensing
depth (B). The uncertainty of 1.4 percent associated to cosmic
variance in the cosmos field, corresponds to ~2 per cent uncertainty
in mass.

5.5 Selection induced bias

The background selection relies on the optimization of the shear
signal of the cluster. Since the shear signal is a noisy property, there
is some chance to use a peak boosted by noise to select the value
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Figure 14. Mean virial radius as a function of B¢y, parametrized in Az =
Zeut — Zeut, max- Black error bars indicate the standard deviation of the
estimated virial radii while red error bars show the error on the mean value.

for Bey. This results, on average, in mass estimates biased high
compared to the true lensing mass. We use the same method as
described in the previous sub-section to investigate the selection-
induced bias. We vary By, parametrized by the offset Az from the
redshift Zey, max (corresponding to By, max) Which maximizes the
lesning signal-to-noise (cf. Fig. 6). As visible in Fig. 14, the scale
radius is biased high at offset Az = 0, meaning exactly at Beut, max-
To both sides of this value, the scale radius stays constant. The fact
thateven a By slightly below By, max gives similar masses than Sy
> Beut, max indicates that the background catalogue is already free
of unaccounted cluster members and that the increase in the signal-
to-noise ratio of the lensing detection arises mainly by cleaning the
catalogue from foreground sources. The constant value of the scale
radius at higher B, also supports the good quality of our lensing
analysis, since average redshift as well as average signal-to-noise
of galaxies in the background sample changes significantly with
increasing B.y. We choose §z = 0.04 for our conservative model,
to avoid the bias caused by the selection of By max- For the signal-
to-noise optimized model, we choose §z = 0.0, this counteracts the
underestimation caused by the chosen signal-to-noise threshold.
While the conservative model is intended to be used for future
scaling relation studies, the signal-to-noise optimized selection is
used for the construction of k-maps.

5.6 Profile fit based systematics

Simulations have shown that weak lensing masses, derived by
fitting a single radial NFW-based shear profiles, show significant
intrinsic scatter of ~20 percent and a mass-dependent bias due
halo triaxiality, correlated and uncorrelated large-scale structure
(Becker & Kravtsov 2011; Bahé, McCarthy & King 2012; Lee et al.
2018). Given the number of clusters in this sample, this scatter
places a systematic limit of 20 per cent/+/39 ~ 3.5 per cent on the
accuracy of the mass scale for the overall sample. The NFW profile
is a good approximation of the dark matter density profile within
the virial radius, but gets increasingly discrepant from the truth
while going beyond the virial radius. Therefore, A14 restricts the
fitting range to 0.75-3 Mpc. However, the same study showed that
extending the fitting range out to 5 Mpc results in a insignificant
decrease of the mass by 1.3J_r}:(2) per cent. Our fitting range extends on
average between 0.2 and 4.1 Mpc, which is larger than that used in
A14 but also fitting closer to the cluster core. Re-measuring masses
within 0.75-3 Mpc, we find a median mass ratio Mpegau/Mo75 — 3.0 =
0.989 £ 0.033 or —1.1 & 3.3 per cent. Given the small difference

APEX-SZ galaxy cluster sample 1719

between both fitting ranges investigated in A14, we do not expect
that the fitting ranges chosen by us yield different results with
respect to A14. We therefore assign the same systematic uncertainty
of 3 per cent in mass to the shear profile fitting.

5.7 Summary on sources of systematics and scatter on the
weak lensing analysis

Taking the work of A14 as a template, we summarize the different
contributions to the overall systematic uncertainty, the total uncer-
tainty is then assumed to be the square-root of the sum of squared
uncertainties. The uncertainty on shear calibration of 0.046 (Israel
et al. 2010) contributes a mass uncertainty of 6.5 percent. The
scatter between true mass and WL-inferred mass is assumed to be
~20 percent (Becker & Kravtsov 2011; Bahé et al. 2012) for a
single cluster. Given our sample size, this results in a 3.5 per cent
uncertainty on the sample-wide mass scale. The choice of fitting a
NFW profile within 4.1 Mpc results in an uncertainty of 3 per cent.
Finally, from the scatter between different CFHTLS fields, we
expect the uncertainty of our reference catalogue due to cosmic
variance to be 1.4 per centin 8, corresponding to 2 per cent scatter in
mass. This results in an overall systematic uncertainty of 8 per cent,
where the main contribution comes from the shear calibration.

6 RESULTS

The main focus of this paper is to provide the mass measurements
for the APEX-SZ cluster sample. We therefore first describe and
discuss the results for the entire sample in Section 6.1. Later, in
Section 6.2, we discuss in detail the obtained results for the three
example clusters from the sample. We stress that the measurement
errors given throughout this work include only statistical errors from
the fit to the shear profiles.

6.1 Results using the full cluster sample

In this sub-section, we concentrate on few properties related to the
full or a large sub-set of the cluster sample. The inferred weak
lensing masses can be found in Table 2.

6.1.1 Comparison to previous publications

Our cluster sample has a significant overlap with three other
weak lensing cluster studies, the Canadian Cluster Comparison
Project [CCCP, Hoekstra et al. (2015)], Weighing the Giants [WtG,
Applegate et al. (2014)] and the Local Cluster Substructure Survey
[LoCuSS, Okabe & Smith (2016)] cluster samples. While the WtG
and LoCuSS samples partially use the same raw data as our work, the
CCCP sample is based on imaging data from a different telescope
and instrument. All publications assume the same reference cosmol-
ogy with Q,, = 0.3, Q4 =0.7and h = Hy/(100kms™ Mpc™') =
0.7. This allows us to directly compare the mass estimates at
identical overdensities A. Hoekstra et al. (2015) provide masses
at A = 500, Okabe & Smith (2016) additionally offer the estimates
A = 200 to compare with our measurement.

For the 10 clusters we have in common with the LoCuSS sample,
we find a median ratio (Myocuss/Mapex.sz) of 0.99 for A = 200 and
1.08 for A =500. We see that one cluster, A907 strikes out from the
distribution with a mass ratio 4.2 at A = 200. Omitting this cluster,
we obtain an average mass ratio of 0.96 (1.05) for A =200 (A =
500) and a standard deviation of 0.3 for both overdensities. Under

MNRAS 488, 1704-1727 (2019)

610z Jaqwaldag ¢ uo Jesn Ausiaaiun weying Aq L9v01SS/70. L/Z/88Y/AoBNSe-ao1le/Seluw/wod dno olwapeoe//:sdiy Wwolj papeojumo(]



1720 M. Klein et al.

the assumption that the error on the mean is 0.3 /+/9 and considering
the additional 8 per cent systematic uncertainty, our mass estimates
are in agreement with those given by Okabe & Smith (2016).

In case of the CCCP cluster sample, we find 11 clusters that are in
common with the APEX-SZ sample. Hoekstra et al. (2015) provide
two different mass estimates, one is based on aperture mass, the
other one is based on fitting an NFW profile to the shear. We find
a median mass ratio (Mcccp/Mapex.sz) of 0.86 and 0.84 for the
aperture-based and NFW-based masses, respectively. Furthermore,
we find an average ratio of 0.95 and 1.09, respectively. The standard
deviation is found to be 0.3 for the aperture-mass-technique-based
masses and 0.45 for the NFW profile fit. Using the same assumptions
as in the previous paragraph, we find 0.09 and 0.14 as error on
the mean for the aperture and the NFW-based mass ratios. We
therefore do not find any significant bias between our work and that
of Hoekstra et al. (2015).

We find 10 clusters in common with WtG cluster sample. The
masses given in WtG are given within a fixed radius of 1.5 Mpc
and were obtained using a fixed concentration of 4.0 at ryyy. We
approximate the mass within 1.5 Mpc using our NFW fit results
at rs00. The median mass ratio for WtG is 1.12 and the average
is 1.25. The scatter of the mass ratio is 0.34, which yield under
aforementioned assumptions an uncertainty of 0.13. The median
mass ratio to WtG is therefore within one standard deviation, the
mean mass ratio two standard deviations higher than our estimates.
We note that we find concentrations <4 at ry for all clusters that
overlap with WtG, which might contribute to the mass offset seen
here.

To summarize, we see reasonable agreement between our mass
estimates and those from literature, with the largest offset seen in
the comparison with WtG.

6.1.2 Concentration parameter

In contrast with some weak lensing studies with large numbers
of clusters (Hoekstra et al. 2012; Applegate et al. 2014), we
provide weak lensing measurements with and without leaving the
concentration free to vary. Since weak lensing generally offers only
weak constrains on the concentration, we use the full sample of 39
clusters to study the recovery of the average concentration. This test
does not aim to perform a detailed study of the mass—concentration
relation but it allows to test for consistency between measured
and predicted concentrations. Inconsistency between predicted and
observed concentration would impact our lensing masses. This
analysis is additionally motivated by the low concentrations found
in the study of eight galaxy clusters by Israel et al. (2012). Our
analysis shares a significant amount of code and methods with Israel
et al. (2012). Furthermore, the measurement of low concentrations
could be caused by remaining cluster contamination diluting the
shear signal towards the cluster centre. The absence of such a
underestimation therefore would further support the quality of our
analysis even if the measurement accuracy of the concentration for
individual clusters is poor.

As in Israel et al. (2012), we compare our results with that of the
¢ — M scaling relation by Bhattacharya et al. (2013), as one of only
few simulations covering a sufficiently large volume to probe the
high-mass range covered by our sample. The results in Bhattacharya
et al. (2013) are based on three simulations with different box
sizes and mass resolutions. The ACDM parameters used in that
simulations are close to the results of WMAP-7 (Komatsu et al.
2011) and the large box size allows better constraints for the high-

MNRAS 488, 1704-1727 (2019)

mass part of the scaling relation compared to previous studies. This
is of special importance for our study since our clusters occupy the
highest mass range studied in most simulations. Bhattacharya et al.
(2013) found that the concentration parameter can be expressed as
a function of the peak height parameter v as follows:>

00,5 H12(V) = 5.9074 D(2)*, (14)
for all systems and
00,5 H12(V) = 6.6V D(2)"F, (15)

for relaxed systems. Here D(z) is the linear growth factor for a
flat ACDM universe. The distribution of the concentrations in the
simulations can be described by a Gaussian with variance of o, =
0.33c. Using the connection between v and the cluster mass as
described in the above-mentioned paper, we can derive the expected
concentration parameters for each of the clusters.

The ratio between our cyp measurements before applying a prior
on concentration over the concentrations obtained with the mass—
concentration relation versus Mgy is shown in the top panel of
Fig. 15. The bottom panel of Fig. 15 shows the the histogram of the
ratios between observed and predicted concentration in log space.
The distribution is well described by a Gaussian function with a
mean of —0.02 £ 0.05. This corresponds to 0.95 in linear space
and uncertainty of 12 percent. We again stress that Fig. 15 is of
indicative purpose only. A proper study of the mass—concentration
relation would require significantly more effort such as the inclusion
of the scatter in the applied ¢ — M relation, proper modeling of the
errors in concentration, the correlation with mass, and the modeling
of the selection function.

The mean ratio is consistent with one, further it is close to the
underestimation of 7 percent predicted by Bahé et al. (2012) for
weak lensing studies. Given this results we do not expect that our
weak lensing results are significantly affected by our choice of using
a ¢ — M scaling for our our default mass estimates.

6.2 Discussion of the example clusters

A detailed discussion of each cluster is beyond the scope of this
paper and a small number of selected clusters will be further
discussed in light of multifrequency studies. We therefore only
discuss here the three clusters used as examples in this publication
to some greater detail.

6.2.1 A907

The excellent Suprime—Cam data for this cluster and its low cluster
redshift result in a high number density of background galaxies of
n = 20.5arcmin~2. Our results as listed in Table 2 and illustrated
in Fig. 16 are consistent with X-ray measurements by Zhang et al.
(2008) and Nulsen, Powell & Vikhlinin (2010) which derive masses
between Msgy = 3.2 x 10'* and M5y = 4.7 x 10"*M,,. Ettori et al.
(2010) estimated Ry using X-rays to be Rypp = 2.18 &= 0.17 Mpc.
This measurement disagrees with our estimate of Rypy = 1.617012
Mpc. The iso-density contours of the x reconstruction as seen in
Fig. 16 are elliptical and show a slight elongation to the south-east.
The semimajor axis of the contours and that of the BCG are aligned
into the same direction.

2We use the fitting formula for v(M, z) from table 2 of Bhattacharya et al.
(2013).
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6.2.2 RXC0532

The results of RXC 0532 as listed in Table 2 and shown in Fig. 17
show the smallest relative errors on mass out of the three example
clusters presented in this paper. Our estimated Ry of 1 .82f8:}% Mpc
fits well with the two results of Ettori et al. (2010) of 1.78 - 0.18 and
1.84 + 0.23 Mpc based on X-ray observations. Using our best-fit
NFW parameters we get a mass of Msgg = 7.471¢ x 10" M. This
is slightly discrepant with the estimate by the Planck Collaboration
(Planck Collaboration et al. 2011) which, using a Msoy — Yx, s00
scaling relation, derive a mass of Msgy = 5.3540.17 x 10" M.

6.2.3 RXC1347

RXCJ1347, as the most X-ray luminous galaxy cluster known, was
the object of several detailed studies. Our results shown in Table 2
and Fig. 18 show excellent agreement with the result of Umetsu et al.
(2011) which obtain of Myy = 14.3 +3.5 x 10'* M, for a non-
parametric de-projection analysis and My = 19.11’%:2 x 10" Mg,
for a NFW fit on the deeper Suprime—Cam data. Also, the weak
lensing mass from Lu et al. (2010) of M, = 18.91’2:2 x 10 Mg
using the Megaprime instrument on CFHT agrees well with our
measurement of M;; = 18.3757 x 10" M, extrapolated the virial
radius.
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Our result also agrees with the X-ray mass estimates of Gitti,
Piffaretti & Schindler (2007) which derive My = 11.0 £2.8 x
10" M, for the best Cavaliere & Fusco-Femiano (1978) B profile
and My = 17.9 2.1 x 10'* M, for the best NFW profile fit. The
WFI data are shallower than the Subaru ones but show excellent
agreement with them. We highlight that these results have been
obtained with independent instruments and different filter sets. It
is remarkable that we have a similar or higher number density of
background sources for the lensing analysis as Umetsu et al. (2011)
despite using shallower data. This can partially be explained by
the different data reduction pipelines yielding different seeing in
the co-added image, but the lower mean lensing depth of (8) =
0.35 compared to (8) = 0.49 indicates that we use a background
sample with lower mean redshift in our sample than Umetsu et al.
(2011).

7 CONCLUSION AND FUTURE
PERSPECTIVES

In this paper, we presented the weak lensing analysis of 39 galaxy
clusters, observed as part of the APEX-SZ cluster sample. We
presented and discussed a background selection method which
calculates the angular diameter ratio B for each galaxy based
on observations in three broad-band filters. We investigated the
remaining contamination by cluster galaxies using the binned

610z Jaqwaldag ¢ uo Jesn Ausiaaiun weying Aq L9v01SS/70. L/Z/88Y/AoBNSe-ao1le/Seluw/wod dno olwapeoe//:sdiy Wwolj papeojumo(]



r [Mpc]
3

0 1 2 4 5
L ‘\ T T T T T ]
o —4— binned <e> 1
0151 ] B
[ -~ NFW fit ]
[ @ binned <e > |
0.10 1o
A [ ]
=) [ ]
Vooo0sf 5
0.00F .
'0.05 C 1 1 1 1 1 1 1 ]

3.0[

SUP
WFI -
c-M prior | - -

T SR ST R

1

vl

APEX-SZ galaxy cluster sample 1723

- %, 1Mpcs=307aremin - o ; A
RERE |

&N

Figure 18. Lensing results for RXC1347. Top left-hand panel: Profile of the binned tangential ({&;), filled circles) and binned cross ({¢x), open diamonds)
ellipticities. Error bars reflect the bin dispersion. Based on the SuprimeCam data. Lower left-hand panel: A %2(ra00, cNpw) With respect to its minimum. Black
lines correspond to SuprimeCam measurements, blue dashed lines to WFI based measurements. Dashed line and gray shaded area shows the adopted c-M
relation and one o uncertainty region. Right-hand panel: R-band image of the central region overlaid with « contours using k = 0.05 in steps of Ak = 0.01.
Solid lines represent the results obtained with SuprimeCam the dashed lines the results obtained with WFI. The red cross marks the BCG which we defined as

the cluster centre.

shear profiles of two different sub-samples of background galaxies,
a method insensitive to holes in the data set. Additionally, we
investigated the radial number density profiles of the background
galaxy sample. Both methods did not show significant hints of
contamination by cluster members. Based on the COSMOS photo-
z catalogue we showed that cosmic variance can result in a scatter
of the mean lensing depth (f) of 1—3 percent for clusters in the
redshift range of our sample and typical image depth of our data.
Due to correlated structures this estimate likely gives a lower limit
of the true scatter in (). We further showed that our method of
colour-based distance estimates can reduce this scatter by up to
40 percent. Using the full cluster sample, we showed that our
overall mass estimates are robust against moderate changes in
the selection parameter B, and galaxy signal-to-noise threshold.
Further, it could be shown that the derived concentrations are
consistent with those predicted by the mass concentration relation
presented in Bhattacharya et al. (2013), with no significant hint of
an underestimation of the derived concentrations. The comparison
with literature shows overall agreement with the masses derived for
the CCCP or LoCuSS samples, but show lower masses compared
to the results in WtG.

As examples for the whole cluster sample, we discussed the
results of three clusters in a redshift range from z = 0.15to z = 0.45
in greater detail. The weak lensing analyses yielded results which
are consistent with previous X-ray and lensing mass estimates.

In case of A907, the weak lensing data disfavour the recent X-ray
estimate of Ettori et al. (2010), favooring the results of Nulsen et al.
(2010) and Zhang et al. (2008). We also found agreement of the
mass estimates based on Suprime—Cam and WFI for the massive
cluster RXCJ1347 using very similar cuts.

The weak lensing masses presented in this work are used in
the mass calibration of the integrated Comptonization using the
APEX-SZ clusters presented in Nagarajan et al. (2018). Together
with our SZ analysis (Bender et al. 2016; Nagarajan et al. 2018) and
our upcoming X-ray analysis (F. Pacaud et al., in prep.) this work
builds one major part of our multifrequency study of APEX-SZ
galaxy clusters.
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APPENDIX A: MEASUREMENTS WITHOUT
PRIOR ON CONCENTRATION PARAMETER

In addition to the weak lensing measurements using the default
setting shown in Table 2, we present in Table A1 the results without
applying a prior on the concentration parameter. Table A2 shows
the results using the S/N -optimized background selection without
prior on the concentration.
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Table A1. Weak lensing mass estimates for the conservative background selection, for the overdensities A = 200 and
A = 500, without prior on concentration. For the clusters A907, MACSJ1115, and RXCJ1347, the WFI-based masses
are listed in the first line, the SUP-based masses are listed in the following line without reciting the cluster name.

Cluster Raoo €200 Moo Rsoo €500 Msoo
[Mpc] [10“Mo]  [Mpc] [10"*Mo]
A2744 2000003 72759 14a6t38 L4a1T)Y 4867502 10871112
RXCJ0019.0-2026 1.94+0:13 3.6%13 11057277 1257008 2337105 7477130
A2813 207T008 265753 1361735, 137000 Le7t08T 84978
A209 2397010 L60Y 19.0773% 1437007 096704 10.12F6)
XLSSC 006 L6st0Z 20538 gs1td Lo4f0Y 133103 4.987)
RXCJ0232.2-4420 148402 15957233 4017220 1031002 110577 408t
RXCJ0245.4-5302 L4702 10357350 4937330 ro1f)ll 7.0873%  3.95T) 7
A383 Lefol3 8755 setis 109Tgy 592t 4427
RXCJ0437.1 + 0043 202102 2083F 125430 108t02 184tlS 801133
MS0451.6-0305 L52%007 855t 727037 L0370y, s8I 7Y
A520 2.09%024 16757 1277422 1257009 096703 6.7471%
RXCJ0516.6-5430 2447035 055707 2237HAR 126705 0.28%0%¢ 774130
RXCJ0528.9-3927 1.87%0% L3503 9047338 1097012 076703 4.897) 7
RXCJ0532.9-3701 182100 4751335 9 g7F32 1279008 3.1371% 65738
A3404 197403 495038 jo25t4er 1370 327739 7473
Bullet 1.92%02% 255119 10.9754 127512 L6T)% 672733}
A907 1541028 20123 4gf22 g 9gf002 g4l 308728
15650 365015 501Tg  10ITgy, 23655 3475
RXCJ1023.6 + 0411 1.88+01, 53413 104700 1251006 3507092 74471
MS1054.4-0321 1.99+0-3 16t 2279730 138703 110979, 18.9711%
MACSJ1115.8 + 0129 Lesto2t  p4sto 7483 097700 0867, e 379730
LTS 390F 7ertil 100l s, sastl
A1300 174702 365157 8.2 L3ty 236719 55677
RXCJ1135.6-2019 L62%018 3473 6.617205 104701, 21971 441t3]
RXCJ1206.2-0848 2047028 st 1546788 11710 06610 726137
MACSJ1311.0-0311 L63%017 6.6%35s 8.3972%% L1%04 443737 63615
A1689 262700, SASTOR 2451735 174700 34108 17.84%)
RXJ1347-1145 Lo1%028 48793 128313 1267013 3.177%R 9227388
21505 ST5T 1mestE 14y 38t 1263059
MACSJ1359.2-1929 L5102 3t 631538 096701 1.98THT 411733
A1835 2497033 275M00 22607430 1570 174t0S 143130
RXJ1504 175793 37128 756739, 11379, 247183 514718
A2163 3.071532 LIFO8  4028M139 1757010 0.637035 18597370
A2204 203003 227 1463R Ll 13600 863
RXCJ2014.8-2430 1767055 3.0575¥ 78t 112703 1.95THYl 4657308
RXCJ2151.0-0736 1261022 485%8 0 306719, 083701 32738 2242
A2390 2037013 48t 119673 1348007 3a7he 8.594 )
MACSJ2214.9-1359 176107 47730 1067739 L16T)d 3t 7.6315 7
MACSJ2243.3-0935 21703 Letiss 1697759 1257042 0967097 9.0173°
RXCJ2248.7-4431 2167018 235008 1646735 134700, 1467013 991127
A2537 2.11018 4.05TF) 14287337 13700 2.6470% 9911
RXCJ2337.6 + 0016 1.94%0 0 305t 1097738 1247000 195709 a1t
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Table A2. Weak lensing mass estimates for the S/N-optimized background selection, for the overdensities A = 200
and A = 500, without prior on concentration. For the clusters A907, MACSJ1115, and RXCJ1347, the WFI-based
masses are listed in the first line, the SUP based masses are listed in the following line without reciting the cluster name.

Cluster Raoo €200 M>o0 Rs00 €500 Msoo
[Mpc] [10Mo] [Mpc] [10"Mo]
A2744 2047002 6.65T58 13171348 1371008 447t 10t14]
RXCJ0019.0-2026 2017003 35T 1220733 13T00T 2437077 8381
A2813 L96%08  2.15Thhs 11567332 1217000 133707 677
A209 235T007 170t0S 1813t R a1ty Lo2fis 9.83h Y
+0.16 +3.90 +2.04 +0.09 +2.75 +1.17
XLSSC 006 1461018 4901390 5587204 0977000 3247273 4.037])]
+0.22 6.9 2.66 0.12 +4.89 +1.67
RXCJ0232.2-4420 1.5273 9.179, 5327783 1.047015 621373, 42713
RXCJ0245.4-5302 148402, 935T3% 5031333 1017012 6387530 3997138
+0.13 +3.65 +1.49 +0.08 +2.58 +0.98
A383 167913 8.4136 5621149 1.00M008 571t 447008
RXCJ0437.1 + 0043 1861022 37T 97930 12170 24015 6650
MS0451.6-0305 1.58701¢ 8.3%1 8.16%37%  1.0770% 56373 6.38T18
—+0.2 +0.75 +4 +0.08 +0.51 +1.44
A520 2.09102, 17407 1275 1267098 1.02403 6.881 114
+0.55 +0.65 +17.44 +0.14 +0.4 +2.67
RXCJ0516.6-5430 2.341053 051065 1973t TA 1 qot0 It 026104, 6.56128]
+0.25 +0.9 +4.68 +0.13 +0.59 +1.8
RXCJ0528.9-3927 1.9+02 0970% 1043738 o5t 05t 444t
RXCJ0532.9-3701 1.897013 417 1016772 1237000 261f023 7.03113,
A3404 1944020 585315 9794333 1345040 391t 70872
Bullet 1.847032 325719 959038 gl 208708 63277,
A907 167931 31733 5417382 1,027 1987038 352702
0.23 2 247 0.1 1.39 1.03
1.53703 2.45%7, 47378 096" 15353 2.88% %
+0.09 +1.35 +1.45 +0.06 +0.95 +0.99
RXCJ1023.6 + 0411 1.83799 5650132 938TIR 1227006 377109 6.9470%)
+0.39 +9.35 +17.4 0.19 +6.62 8.82
MS1054.4-0321 20703 6.65723 25657174, 139100 4477582 19.4778%2
MACSJ1115.8 + 0129 157793} 15720 6.3773% 0937003 0.89%0d  331%)4,
Lolfly  37Re 68TIE LodThy 248, 4675
+0.19 +2.9 +3.26 +0.1 +2.02 +1.63
A1300 1.827519 25135 9387564 L14Z5, L5750 57555
RXCJ1135.6-2019 1537018 405735 557t 17009 2710172 389t 13
+0.2 +1.5 +5.15 +0.12 +1.03 +2.74
RXCJ1206.2-0848 2.07153, Lo 1615150 126700 L1600 9.097278
MACSJ1311.0-0311 1617916 4724 8.08%2:% 1,050 2611160 550t164
+0.08 +0.95 +2.25 +0.05 +0.67 +1.43
A1689 2587008 545709 23.4172% 172%00 320 1721719
RXJ1347-1145 2061020 27735 16.09554 13701 177058 10,0973
+0.16 +2.2 +4.13 +0.09 +1.55 +2.43
2'08—0.17 4"85—1.6 16'57—3.74 1'3770.1 3'2—1.12 11'9372.31
MACSJ1359.2-1929 1384028 277497 48200 0877003 L7ar 3.0245
A1835 2.42%0% 31033 20.83735, 15470 191708 13447277
RXJ1504 Lestos 4057 6.69715 117058 2.641105  4.647)2
A2163 2.871032 L4709 32017833 1697018 0.8270%  16.653%;
A2204 2.19702 2.5732 13.8673% 137701, 157798 8.510%¢
RXCJ2014.8-2430 1597933 30He 520139 p02t0l 198t 344010
RXCJ2151.0-0736 121793, 625731 271738 081701 41975, 2.04705
+0.11 +1.35 +2.11 +0.06 +0.95 +1.31
A2390 20601 475T18 12503 136409 3134023 8.96t13
+0.22 +3.10 +5.17 0.11 +2.18 +2.81
MACSJ2214.9-1359 1.894022 4358310 301 #5AT 1040 0 g5t2I8 g 314281
+0.20 +1.20 +5.47 +0.12 +0.81 +2.79
MACSJ2243.3-0935 2135902 130002 tE 124702 076f08 872737
RXCJ2248.7-4431 2207008 2057072 19.6175el L4t 126703 11327348
0.13 1.85 2.98 0.07 1.3 1.71
A2537 2165013 434152 1554450 142400 282850, 1092110
+0.17 +1.30 +3.14 +0.09 +0.91 +1.61
RXCJ2337.6 + 0016 1947017 3051130 109713 124700 1957090 7.1t

MNRAS 488, 1704-1727 (2019)

610z Jaqwaldag ¢ uo Jesn Ausiaaiun weying Aq L9v01SS/70. L/Z/88Y/AoBNSe-ao1le/Seluw/wod dno olwapeoe//:sdiy Wwolj papeojumo(]



APPENDIX B: COLOUR COMPOSITE IMAGES
WITH WEAK LENSING CONVERGENCE
CONTOURS

We provide RGB colour images with weak lensing contours for the
central regions of all clusters presented in this work as online only

APEX-SZ galaxy cluster sample 1727

supplementary data. As example for the available material we show
in Fig. B1 the RGB colour image, with contours for the cluster
RXCJ1135.6-2019. One of the two outliers discussed in Nagarajan
et al. (2018).

Figure B1. RXCJ1135.6-2019: Colour composite image with lensing convergence contours in white, XMM surface brightness contours in magenta, and
SZ contours in cyan (top panel), XMM surface brightness map with lensing convergence contours. Note: SZ contours only indicative. This cluster is an SZ

non-detection when centred on the BCG.

This paper has been typeset from a TEX/IATEX file prepared by the author.
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