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ABSTRACT

The centre determination of a galaxy cluster from an optical cluster finding algorithm can
be offset from theoretical prescriptions or N-body definitions of its host halo centre. These
offsets impact the recovered cluster statistics, affecting both richness measurements and the
weak lensing shear profile around the clusters. This paper models the centring performance of
the redMaPPer cluster finding algorithm using archival X-ray observations of redMaPPer-
selected clusters. Assuming the X-ray emission peaks as the fiducial halo centres, and
through analysing their offsets to the redMaPPer centres, we find that ~75 = 8 per cent of the
redMaPPer clusters are well centred and the mis-centred offset follows a Gamma distribution in
normalized, projected distance. These mis-centring offsets cause a systematic underestimation
of cluster richness relative to the well-centred clusters, for which we propose a descriptive
model. Our results enable the DES Y1 cluster cosmology analysis by characterizing the
necessary corrections to both the weak lensing and richness abundance functions of the DES
Y1 redMaPPer cluster catalogue.
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1 INTRODUCTION

The abundance of galaxy clusters is a sensitive probe of cosmo-
logical models (see reviews and the referenced literature in Allen,
Evrard & Mantz 2011; Weinberg et al. 2013). Cluster cosmology
studies from the latest optical imaging surveys such as the Dark
Energy Survey (the DES Collaboration, in preparation) will deliver
significant improvement in precision over previous studies based
on the Sloan Digital Sky Survey (SDSS, Rozo et al. 2010) and
require (McClintock et al. 2019) accurate understanding of various
systematic effects such as the orientation of clusters (Noh & Cohn
2012; Dietrich et al. 2014), correlated structures and their projection
effect (Erickson, Cunha & Evrard 2011; Costanzi et al. 2019),
mass profile modelling uncertainties (McClintock et al. 2019),
and the contamination of cluster member galaxies in the lensing
measurements (Varga et al. 2018).

One such important systematic effect is the mis-identification
of cluster centres (Johnston et al. 2007a,b; Melchior et al. 2017;
Simet et al. 2017; McClintock et al. 2019; the DES Collab-
oration, in preparation). Cluster observables, e.g. gravitational
shear profiles, must be compared to models in order to derive
constraints on parameters, and the models are based on some
definition of cluster centre, described theoretically or on the basis
of the matter density field in N-body simulations. Cluster lensing
studies based on data from DES (McClintock et al. 2019) require
accurate knowledge of cluster mis-centring fraction and offset
distribution in order to forward model masses using analytic halo
profiles.

Optical cluster finders often attempt to identify a central galaxy
as the centre (Koester et al. 2007; Hao et al. 2010; Rykoff et al.
2014; Oguri et al. 2018). These central galaxies are typically
quenched of star formation activities and may appear to be the
brightest galaxy in a cluster (see studies in Skibba et al. 2011;
Lauer et al. 2014; Hoshino et al. 2015). The identification of cluster
central galaxies may seem straightforward given their dominant
appearances, but mis-identifications or offsets relative to any other
theoretical definition of centre is inevitable. Because massive haloes
experience growth through mergers, cluster central galaxies can
be displaced from the local gravitational potential minimum (e.g.
Martel, Robichaud & Barai 2014). A related effect is when a
second galaxy within the halo is chosen as the centre by the cluster
finding algorithm. For a colour-based scheme focused on the reddest
galaxies, this may happen if the central galaxy of the host halo
has experienced recent star formation (e.g. McDonald et al. 2012;
Donahue et al. 2015) or if a merging event brings in two nearly
identical central galaxies of the progenitor haloes, as in the case
of the Coma cluster (e.g. Vikhlinin et al. 2001). Another cause of
mis-centring is when galaxies lying outside the primary host halo,
but aligned in projection, are chosen as the central galaxy by the
cluster finding algorithm.

The centring performance of optical cluster finding algorithms
has been characterized with various methods. Cluster hot gas is an
excellent tracer of the cluster potential as the dominant baryonic
mass component. Cluster X-ray or thermal Sunyaev—Zel’dovich
(tSZ) observation centres, identified as the centroids or the peaks
of the surface brightness, are often used to calibrate the optically
selected centres (see examples of X-ray studies in Lin & Mohr 2004;
Stott et al. 2012; Mahdavi et al. 2013; Lauer et al. 2014; Rozo &
Rykoff 2014; Rykoff et al. 2016; Zhang et al. 2016 and examples
of tSZ studies in Song et al. 2012; Saro et al. 2015). Other than
calibration to centres identified in multiwavelength observations,
cluster centring has been characterized through comparing cluster
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radial profiles (lensing or galaxy number count) to those of a cluster
sample with well-known centres from X-ray or optical data (Hikage
etal. 2018; Luo et al. 2017) and through examining the velocity and
separation distribution of cluster satellite galaxies (Skibba et al.
2011).

In this paper, we characterize the centring performance of the
redMaPPer cluster finding algorithm — a method for identifying
galaxy clusters from optical imaging data. The redMaPPer algo-
rithm excels in producing a complete and efficient cluster sample
with an accurate richness mass proxy and precise redshift estima-
tions, as characterized with multiwavelength and spectroscopic data
(Rykoft et al. 2012; Rozo & Rykoff 2014; Rozo et al. 2015a,b; Saro
etal. 2015; Murata et al. 2018). Cluster catalogues constructed from
SDSS (Rykoff et al. 2014) and DES data (Rykoff et al. 2016) are
used to derive cosmological constraints in Costanzi et al. (2018)
and the DES Collaboration (in preparation). In terms of the cluster
centre identification, redMaPPer is not exempt from occasional mis-
identification of the central galaxy.

The centring distribution of the redMaPPer algorithm has been
studied using almost all of the aforementioned methods (Rozo &
Rykoft 2014; Saro et al. 2015; Rykoff et al. 2016; Hikage et al.
2017). In this paper, we model the cluster centring distribution
with 211 high-signal-to-noise X-ray cluster detections associated
with the redMaPPer SDSS DR8 and DES Year 1 samples from
the Chandra public archives, and the model constraints are then
validated with X-ray cluster detections from the XMM public
archives. We focus on the modelling aspects of redMaPPer cen-
tring performance in this paper, while the X-ray data processing
procedures are presented in Hollowood et al. (2018) and Giles et al.
(in preparation). The data set and methods we employ allow us
to analyse the redMaPPer centring performance with the highest
precision to date. We also develop a model to characterize how
mis-centring affects redMaPPer richness estimation and discuss the
impact of cluster mis-centring on cluster cosmology analyses. It is
the first time that this effect has been quantified.

This paper is a companion paper to the DES and SDSS cluster
weak lensing and cosmology studies presented in McClintock et al.
(2019), Costanzi et al. (2018), and the DES Collaboration (in
preparation). It uses similar data products to Farahi et al. (2019).

Throughout this paper, we assume a Flat A cold dark matter
cosmology with 4 = 0.7 and €2, = 0.3.

2 DATA

2.1 The redMaPPer catalogues

The redMapper algorithm examines galaxy colour, spatial over-
density, and galaxy luminosity distribution to identify possible
galaxy clusters. Cluster centres are placed on a central galaxy
candidate according to the colour, luminosity, and galaxy over-
density computed around the galaxy. Up to five central galaxy
candidates are recorded for each cluster with probabilities assigned
to them. The cluster centre is chosen to be the most probable
one. The redMaPPer algorithm also estimates a richness as a mass
proxy, A, which is a probabilistic count of red sequence galaxies
within an aperture centred on the central galaxy candidate. Detailed
presentation of this algorithm can be found in Rykoff et al. (2014,
2016).

The redMaPPer samples studied in this paper have been derived
from both SDSS (Rykoff et al. 2014, 2016) and DES (Rykoff et al.
2016; McClintock et al. 2019) data. We use the redMaPPer SDSS
6.3.1 sample (Costanzi et al. 2018) derived from SDSS DRS8 (Aihara
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et al. 2011) photometric data and the redMaPPer DES-Y1-6.4.17
volume-limited catalogue which is based on the DES Y1 gold
catalogue (Drlica-Wagner et al. 2018), with cluster richnesses >20.
For the SDSS redMaPPer sample, we consider clusters in the
redshift range of 0.1-0.35 which are nearly volume-limited. For
the DES redMaPPer sample, we select clusters between redshifts
0.2 and 0.7.

2.2 Comparison of centres in redMaPPer catalogues

In this paper, we treat the DES and SDSS redMaPPer catalogues
as two independent samples and characterize their centring per-
formances separately. We examine the offset distribution between
redMaPPer centres of the overlapping clusters in the DES and
SDSS samples, to estimate an upper limit of the well-centred cluster
fraction. We match between the DES and SDSS redMaPPer samples
to identify the overlapping clusters in the redshift range of 0.2-0.35.
For a pair of DES and SDSS clusters to be considered a match, their
redshift difference, |Az|, must be less than 0.05 to account for the
scatter in photometric redshifts and possible blending effects. The
redMaPPer centres must be within 1 R, (R;, = (1/100)*2 2~ Mpc).
The radius aperture is chosen because redMaPPer does not consider
the clusters to be the same if their centring offset is larger than
R;. The richness estimations derived from SDSS and DES data
have an average relation of Apgs = (0.88 £ 0.03) x Agpss +
(3.28 + 1.20). We look for matches to A > 20 DES clusters in
the SDSS redMaPPer sample by lowering the SDSS redMaPPer A
threshold to 5 to account for the A difference and scatter between
DES and SDSS.

There are 150 DES clusters with A > 20 and 38 786 SDSS clusters
with A > 5 in the overlap region of both catalogues after applying
redshift, position, and mask cuts. Of these 150 DES clusters, 148!
have SDSS matches given the criteria listed above. 15 of these
148 clusters have at least two matches and the most likely SDSS
match was chosen by inspection of redshift, position, and richness.
As the purpose of this matching process is to verify the centring
consistency in SDSS/DES, we further remove three clusters in the
total sample (148) because of our poor confidence in the match:
the SDSS matching candidates have large richness differences with
their respective DES clusters. This further reduces our matching
sample size to 145.

Fig. 1 shows the scaled offset distribution between SDSS and
DES centres for the matched clusters. For 77 percent of the
matched clusters, their SDSS and DES centres are within 0.05 R;,
(corresponding to ~50 kpc at A = 20, close to the size of a typical
central galaxy, Zibetti et al. 2005; Stott et al. 2011). We consider
these clusters as consistently centred between the two catalogues.
The remaining 23 percent of the clusters comprise a long tail in
the SDSS and DES offset distribution up to 1 R; . The inconsistency
indicates that for at least one of the samples, the mis-centred fraction
is >0.23/2 = 0.115. As we do not have sufficient information (i.e.
enough X-ray observations) in the DES/SDSS samples to analyse
which has a greater rate of well-centring, we decide to indepen-
dently analyse the SDSS and DES redMaPPer samples in this

paper.

! After further investigation, the other two DES clusters appear to have SDSS
matches with the same central galaxy selections, but the redshift differences
between the DES and SDSS match are ~0.06, and thus did not pass our
strict redshift difference cuts.
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Figure 1. The offset distribution of cluster centres assigned in the SDSS
and DES redMaPPer catalogues, measured in radial units of Ry [R) =
(1/100)%2 A=! Mpc, which is ~1 Mpc for A of 20]. The solid blue histogram
is the full sample of overlap clusters while the solid and dashed histograms
are the same distribution in richness bins of A > 40 and A < 40, respectively.
77 per cent of clusters have offsets below 0.05 R; and are considered self-
consistent, with the remaining 23 per cent comprising a long tail. We notice
a marginal richness dependence that richer clusters appear to be more
consistently centred in DES and SDSS.

We further examine the richness distribution of the offsets by
dividing the clusters into two richness ranges. We do not notice a
significant richness trend — 34 out of 41 clusters at richness above
40 are consistently centred versus 77 out of 101 at richness below
40.

2.3 Chandra X-ray data and centre measurement

While the comparison of centring between different redMaPPer
catalogues above gives an indication of the minimum level of mis-
centring, we use X-ray data to calibrate the absolute value of the
well-centred cluster fraction, and the offset distribution of mis-
centring clusters in each of the redMaPPer samples.

In this paper, we use cluster X-ray emission peaks as the fiducial
centres and rely on these to estimate the redMaPPer mis-centring
fraction and offsets. Some previous studies have used the X-ray and
tSZ centroids within different aperture sizes that closely resemble
the centroids of the cluster gravitational potential to calibrate the
cluster centring distribution (Song et al. 2012; Stott et al. 2012;
Saro et al. 2015; Zhang et al. 2016), while others use X-ray
emission peaks that closely resemble the peaks of the cluster matter
distribution (Lin & Mohr 2004; Mahdavi et al. 2013; Lauer et al.
2014). In DES and SDSS cluster weak lensing and cosmology
studies (Costanzi et al. 2018; McClintock et al. 2019; the DES
Collaboration, in preparation), the aim is to quantify redMaPPer’s
accuracy in identifying the galaxy near the centre of a cluster’s
host dark matter halo, or the galaxy that corresponds to the density
peak of the dark matter halo (Tinker et al. 2008). To this end, we
employ the X-ray peak position as a proxy for the host halo centre,
and measure the distribution of the projected offsets between X-ray
peaks and redMaPPer central galaxies.

We search for X-ray observations and determine X-ray peaks
in archival Chandra data for redMaPPer clusters in both SDSS and
DES Y1 of richness above 20. RedMaPPer clusters falling within an
archival Chandra observation are analysed with a custom pipeline
MATCha, described in Hollowood et al. (2018). A summary of the
X-ray analysis follows.

For each of the redMaPPer clusters with archival Chandra
observations, starting with an initial aperture of 500 kpc radius
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centred on the redMaPPer centre, the pipeline first determines
the X-ray centroid, re-centres, and then iteratively finds X-ray
centroids until convergence is reached within 15 kpc. A cluster
is considered to be detected if the signal-to-noise ratio within a
final 500 kpc aperture centred on the converged centroid is greater
than 5. For detected clusters, MATCha analysis proceeds with
attempts to measure Ly, Ty, and centroid within a set of apertures
including 500 kpc, 72500, 7500, and core-cropped rso9. Visual checks
of non-detected redMaPPer clusters are employed to examine if
any redMaPPer clusters with Chandra observations were omitted
in the process. We find one SDSS redMaPPer cluster with a large
offset of 1.82 Mpc (1.40 R, for this cluster) between the X-ray
centroid and the redMaPPer centre, possibly overlooked because
of the initial 500 kpc X-ray centroid searching criteria. Since this
omission makes up less than 1 per cent of the total SDSS Chandra
sample, we do not consider it in further analyses. No similar cases
were found in the DES Y1 sample.

For the clusters with X-ray detections, MATCha additionally
determines the position of the X-ray peak starting from the reduced,
exposure-corrected, and point source subtracted images. Images are
smoothed with a Gaussian with o = 50 kpc width, and the peak is
defined to be the brightest pixel in this smoothed image. All peaks
are then visually examined. In a small number of cases relic point
source emission or the removal of a point source near the cluster
peak are found to bias the peak determination. The peak position is
adjusted after accounting for the point source emission. In addition,
two failure modes are flagged and removed from the sample. First,
for the centring analysis we remove clusters falling on or near a chip
edge in the X-ray observation such that the position of the X-ray
peak could not be reliably determined. Secondly, in a few cases the
identified X-ray cluster is clearly not the redMaPPer cluster (e.g. a
bright foreground or background cluster in the same observation),
and these clusters are likewise removed (see Hollowood et al. 2018
for further detail). Moreover, there are some special redMaPPer mis-
centring cases, denoted as mis-percolations in Hollowood et al.
(2018), because these cases are related to a ‘percolation’ procedure
of redMaPPer. In these cases there is a spatially close pair of
clusters with similar redshifts, and the one with a less luminous
X-ray detection is assigned with a greater richness. Hollowood
et al. (2018) manually associates the richer redMaPPer candidate
with the more luminous X-ray detection and removes the less rich
system from the X-ray samples.

Finally, to improve the accuracy of X-ray peak location, among
all the clusters identified in Hollowood et al. (2018), we further
impose a signal-to-noise cut removing clusters with a signal-to-
noise ratio less than 6.5 within a 500 kpc aperture. In the end, 144
redMaPPer SDSS clusters are identified with X-ray peak centres in
the Chandra archival data.

The compilation of the DES redMaPPer Chandra sample follows
a similar process to the SDSS redMaPPer sample, with the exception
that the X-ray peaks of the DES sample are initially identified
around the redMaPPer centres within 500 kpc due to pipeline
re-factoring. The peak identifications are visually examined and
adjusted if needed. Overall, 67 DES redMaPPer clusters are identi-
fied with Chandra observations of signal-to-noise ratio higher than
6.5.

In Fig. 2, we show the redshift and richness distributions of
the SDSS and DES redMaPPer Chandra samples. Fig. 3 shows
the scaled offset distributions between the X-ray peaks and the
redMaPPer centres. The tail of the offset distribution indicates a
population of mis-centred clusters. Examples of the mis-centred
clusters can be found in Hollowood et al. (2018).
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Figure 2. Normalized redshift and richness distributions of the SDSS
(black) and DES (blue) redMaPPer clusters matched to archival Chandra
observations. The X-ray matched clusters have much higher richnesses than
the general redMapper sample, although we do not find significant richness
dependence of the results presented in the paper.

3 THE X-RAY REDMAPPER OFFSET

3.1 Model

In this paper, we use the X-ray peaks as the cluster fiducial centre,
and model the offsets between X-ray peaks and redMaPPer centres
to characterize the redMaPPer centring distribution.

When redMaPPer misidentifies the galaxy at the cluster centre, an
offset between X-ray peaks and the redMaPPer centres is expected.
On the other hand, when the redMaPPer centres are correct, the
X-ray peaks may still be offset from them because of the different
dynamics and relaxation time-scales of gas and galaxies (e.g. see
studies about cluster state and X-ray galaxy offsets in Mantz et al.
2015; Kim, Peter & Wittman 2017; Roberts, Parker & Hlavacek-
Larrondo 2018), as well as observational uncertainties in identifying
the X-ray peaks,” but these offsets tend to be small, i.e. less
than tens of kpc. Therefore, we expect the well and mis-centred
redMaPPer clusters to have different offset distributions to the X-
ray peaks, and we model the redMaPPer and X-ray offset as a
mixture of well-centred and mis-centred components, written as:

P(le, 0,7) = p X Peeni(x]o) + (1 — IO) X Prjscent (X)),
1 X
Pcenl(xla) = —exp{ —— |, (D)
o o

X X
Pmiscent(xlf) = 2exp .
T T

In the above model, the peaked exponential distribution char-
acterized by the parameter o, P.(x|o), describes the X-ray
offset distribution of the correctly centred clusters. The second
component, Puiscent(X|7), @ Gamma distribution of shape parameter
2 and characterized by a scale parameter 7, describes the offset
of the mis-centred clusters. This distribution has a heavy tail and
the choice of this distribution is inspired by the Chandra SDSS
sample having an extended offset distribution. The fraction of well-
centred clusters are modelled by the p parameter. In total, the models
consists of three parameters p, o and t. The redMaPPer and X-ray
centre offset, x, is computed as

X = rOffSEt/R)n
R, = (1/100)*% h~! Mpc, (2)

2The photometric and astrometric uncertainties of galaxy positions are
negligible in DES compared to X-ray (Drlica-Wagner et al. 2018).
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SDSS and DES samples from the Chandra archival observations, with the inset zooming on the mis-centred component, starting at rogset/Ry = 0.05. The
distribution can be fitted with two components — a concentrated component that represents the well-centred redMaPPer clusters, and an extended component
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Figure 4. Centring offset parameter constraints (equation 1) for the Chan-
dra DES (blue) and SDSS (grey) redMaPPer samples. About 70 per cent
of the DES and SDSS redMaPPer clusters appear to be well centred in
both samples (indicated by the p parameter). For the mis-centred clusters,
their mis-centring offsets is characterized by a Gamma distribution with a
characteristic offset (the t parameter) around 0.18 R;.
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which scales the offset with a mild dependence on redMaPPer rich-
ness denoted by A.

Given the measurements of these offsets, {x;}, the Bayesian
posterior distribution of p, o, and 7 is written as

P(p707 rl{xi}) X P({xl}|p7 o, T)P(ps g, T)
= P(p.o.0) [[ Pilp. 0. 1), )

where P(p, o, ) is the prior distribution of p, o, and t listed in
Table 1, which is chosen to be flat and independent parameters.
We sample the posterior distribution of p, o, and t using a Markov
Chain Monte Carlo (MCMC) method.

3.2 Model constraints

The aforementioned X-ray redMaPPer offset model is constrained
separately for the Chandra SDSS and DES redMaPPer samples.
Table 1 lists and Fig. 4 shows the posterior constraints of the
model parameters including the correctly centred fraction p, and
the mis-centred characteristic offset 7, as well as the characteris-
tic redMaPPer X-ray offset, 0. The SDSS sample yields higher

Table 1. Centring offset parameter constraints (equation 1) for the Chandra
DES and SDSS redMaPPer samples.

P o T
Prior [0.3, 1] [0.0001, 0.1] [0.08, 0.5]

Chandra SDSS posterior 0.678fg:82‘? 0.0156f8:88§6 0.179f8:8%{

Chandra DES posterior  0.83570012  0.0443750330  0.1667541)
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Table 2. Alternative offset models and constraints derived with the Chandra SDSS redMaPPer sample, and DIC comparisons
to the nominal model in this paper.

Name Model Constraints DIC — DICyominal
Gaussian P(x|p, 0, 7) = pPeent + (1 — p)Pmiscent o =0.647003 19.0
Peeni(x10) = —Z—exp(—£7) o =0.0177" 0003
Paiscent(x|7) = S exp(—2). v = 0.161 5%
Rayleigh P(x|p, 0, 7) = pPeent + (1 — p)Pmiscent p = 070700 44
Peeni(x]0) = Lexp(—2) o = 0018575433
Priscent(X]7) = r’%exp(—%). T = 0.323f8:8§2
Full gamma P(x|p, 0, T, k) = pPeent + (I — p)Pmiscent p= 0641—8:82 1.85
(four parameters) Peeni(x]0) = Lexp(—%) o = 0.015%0(0
Priscent(x]7, k) = Zexp(— %) ©=0217053
k=1.0708
Cauchy P(xlp, 0, T) = pPeent + (1 — p)Priscent p = 06457002 142

Peemi(x|0) = Lexp(—%)

Priscent(x]7) = (Xz_:fz)l.s

0.0028

o =0.014700055
0.04
T =0.1410
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precision because of the larger sample sizes. The fraction of well-
centred clusters p and the mis-centring offset t for the mis-centred
clusters are mildly different from the DES redMaPPer sample
which displays a hint of having a higher fraction of well-centred
clusters at a 1.5¢ significance level. For the well-centred clusters,
the characteristic redMaPPer X-ray offset, o, of the DES sample
is larger than the respective parameter of the SDSS sample,
reflecting the limited angular resolution of X-ray peak identification
and the higher redshift range of the DES sample (and therefore
lower physical separation resolution of the DES X-ray peak
identification).

The redMaPPer algorithm computes a centring probability, Pep,
as an indicator of whether or not the selected central galaxy is the
right choice. We do not find the values of P, to accurately reflect
the centring statistics of the redMaPPer sample. Specifically, we
study the dependence of the centring performance by separately
constraining the centring model of the redMaPPer SDSS sample in
two P, ranges, >0.9 and <0.9, respectively. Clusters of P, >
0.9 have centring fraction of 0.76 £ 0.05 while clusters of Pce,
< 0.9 have a notably lower centring fraction of 0.49 + 0.09.
Although a larger P, value does indicate a better centring per-
formance, it does not reflect the real centring fractions at the face
values.

We have tested the dependence of the centring parameters through
constraining the model with the SDSS sample in different ranges of
richnesses, X-ray temperatures or luminosities, and for serendip-
itous versus targeted observations. We do not find significant
differences in the centring parameter constraints. A larger set of
X-ray observations would be needed to reveal any trends.

Interpretation of the results from this centring offset charac-
terization depends on the adopted models. Different functional
forms of the mis-centring offset — a Rayleigh distribution for the
mis-centred component, and a Gaussian distribution for the well-
centred clusters — have been attempted in previous studies (Saro
et al. 2015; Rykoft et al. 2016; Hikage et al. 2017). We have
tested alternative models (listed in Table 2) for the mis-centring
and centring distributions with the Chandra SDSS sample. As the
common parameter shared across different models, the well-centred
cluster fraction, p, is consistently constrained to be in the range of
64 per cent to 70 per cent for SDSS.

We use the Bayesian deviance information criterion (DIC, Gel-
man et al. 2003) to compare the fitness of the models listed in
Table 2. We compute the Bayesian DIC values (DIC, Gelman et al.
2003) by sampling the posterior constraints of the alternative and
nominal models presented in the paper. DIC is computed as

DIC = —2log(p({x;}16) + 2log(p({x;}6). C)

log(p({x;}|0) is the probability of the observed offsets averaged
over the posterior mis-centring model, and log(p({x;}|0) is the
probability of the observed offsets given the best-fitting mis-
centring model. Lower DIC values indicate better fitting of the
model, and a DIC difference larger than 2 is considered significant.
This DIC comparison strongly favours the nominal model described
in this section.

Notably, when adopting a Rayleigh distribution for the mis-
centred component, our SDSS posterior values on the well-centred
cluster fraction, p, and the mis-centred characteristic offset, T are
highly consistent with the previous study in Hikage et al. (2017)
which adopts a similar model and is based on a similar SDSS
redMaPPer catalogue. The posterior precision of the parameters
has improved significantly in our analysis.

3.3 Model validation

We check the model goodness-of-fit with a posterior prediction test.
Specifically, we compare the fractions of clusters in an offset range
from the data to the predictions from the constrained models. The
procedures are as the follows.

(i) From the measurements of x = ryge/R;,, record the number
of clusters with offsets larger than a comparison value xy.

(ii) Take one set of model parameters, p, o, and t from the
MCMC posterior constraints, denoted as p;, o;, and ;. Randomly
draw a set of centring offsets, {x;}, from the offset model (equa-
tion 1) with the above set of posterior model parameters. The
number of random draws should match the size of the X-ray-
redMaPPer sample being tested.

(iii) With the above set of centring offsets sampling, {x; }, record
the number of offsets larger than a comparison value xo, N(x;; > xo).
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Figure 5. Posterior predictive check of the centring offset model. We show
the predictions on the fraction of clusters in different offset ranges (x >
0.1, x > 0.5, and x > 1.0) from the offset model sampling the posterior
constraints (histograms). These predictions agree with the measurements
from data (solid squares) for both the SDSS and DES models and data.

(iv) Repeat the process for each set of p, o, and t values from
the MCMC posterior chain and acquire the distribution of N. This
is the posterior prediction on the number of clusters with offsets
larger than the comparison value xy.

(v) Compare the number from data to this posterior prediction.
We expect a two-sided P-value, defined as the minimum of the
fractions of the posterior predictions above and below the data, to
be larger than 0.025.

We use the above process to evaluate the goodness of the model
at offsets larger than 0.1, 0.5, and 1 R;. Fig. 5 shows the posterior
predictive distribution of these offset ranges. For both the SDSS
and DES redMaPPer samples, the prediction from the model and
its respective model constraints well match the measurements from
the data in these small, medium, and large offset ranges, with the
two-sided P-values being 0.35, 0.37, and 0.18 for SDSS and 0.11,
0.25, and 0.17 for DES.

4 MIS-CENTRING IMPACT ON RICHNESS
SCALING RELATION

When a cluster is mis-centred, the redMaPPer richness estimation
may become biased, and the bias depends on the mis-centring offset.
In this section, we use the redMaPPer catalogue itself to constrain
a model that describes the bias of A upon a mis-centring offset.

As mentioned in Section 3, the redMaPPer algorithm selects the
five most probable central galaxies and stores the A estimations
computed at each of the centres. The default redMaPPer centre is
chosen as the one with the highest centring probability. We make
use of this information to construct a richness shift versus offset
model.

Assuming that there existed a redMaPPer catalogue with the most
probable centres always being the correct ones, the A estimations
computed at the other four centres will be affected by the mis-
centring effect. The X bias between the real centre and each of the
four remaining centre candidates, and the positional offsets between
them, can be used to constrain a A versus centring offset model.

We use the lambda offsets between the second and the first
(redMaPPer default centre) most likely centres, and the distance
offset between them, to model the richness versus centring offset
(Section 4.1). The model is further validated with X-ray data
(Section 4.2).

MNRAS 487, 2578-2593 (2019)

Table 3. Parameter constraints for the lambda offset versus centring offset
model as in 7(x) = exp(—x2/0?) and oy(x) = a x arctan(bx).

SDSS o SDSS b SDSS a
Prior (0, 10) (0, 10) (0, 10)
Posterior 1.64 £ 0.02 1.76 £ 0.07 0.241 £ 0.008

DES « DES b DES a
Prior (0, 10) (0, 10) (0, 10)
Posterior 1.66 £ 0.06 1.43 £0.22 0.26 £ 0.04

4.1 Model and model constraints

We quantify the fractional shift of A, y = Apiscentred/Arue due to mis-
centring. This shift is quantified as being dependent on the scaled
mis-centring offset in terms of r;. Upon trial of different analytical
forms, we model the probabilistic distribution of y as a Gaussian
distribution:

y ~ NGFx), 0y(x)), )

with the mean and the dispersion, y(x) and o,(x), both depending
on x. The mean is positive, decreases with larger offsets starting
from 1, and asymptotically reaches O for large offsets (Fig. 6). The
dispersion is positive, increases with larger offsets starting from
0, and asymptotically reaches a constant for large offsets (Fig. 6).
Specifically, we choose ¥(x) to be a Gaussian function between
y and x, y(x) = exp(—x2/a?) with a being a model parameter.
o y(x) is chosen as o ,(x) = a x arctan(bx) and a and b are model
parameters.
The process of evaluating the above model goes as follows:

(1) We compute the separation between the first and the second
most probable centres, ryp, assuming the cluster photometric
redshift from the redMaPPer algorithm for both of the galaxies.
We scale 7p as 7p/7; to become quantity x.

(i) We compute the relative A offset between the first and the
second most probable centres as y = Axna/A g

(iii) We repeat the above process for each cluster i in the
redMaPPer catalogue, acquiring a measurement data set {x;} and
{v:}. This data set is shown in Fig. 6.

(iv) With the above measurement data set, we constrain the model
parameters of y with the following likelihood: £ = Zi,x, <01 ( —

W — In[oy(x;)]). The likelihood is sampled with an MCMC
alg(;rithm.

(v) Note that only the data points with x; > 0.1 are used in
the fitting process. This helps eliminate overfitting at small x, and

improves the fitting results at large x.

The same measurements and modelling processes are performed
for the SDSS and DES redMaPPer catalogues separately. Fig. 6
shows the data points as well as the best-fitting models in the first
two columns. For comparison, the red lines/points are the data
running averages and running dispersions in the x bins (bin widths
indicated by the x error bars in the second column). The MCMC
posterior constraints are shown in Fig. 7 and listed in Table 3. «
does not appear to be covariant with a or b, but a and b appear to
be highly covariant.

Overall, the impact of mis-centring on cluster richness is mild
with a low scatter at small mis-centring offset, but grows with a
larger offset, reaching a bias ratio Amiscentred/Arue Of 0.5 at rgep/Ry ~
1.40.
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Figure 6. The richness versus offset distributions and models. The cluster richness tends to be biased lower by mis-centring (a, e), and the mean of the bias
can be characterized by a Gaussian function (b, f). The biases have large dispersions (c, g), which can be further characterized by an arctan function (c, g).
Posterior predictive checks show that the models are tightly constrained from the data and fit the data well (d, h).
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Figure 7. Parameter constraints for the lambda offset versus centring offset
model. See Section 4.2 for details.

4.2 Model validation with X-ray centres

As a test of the richness offset model, we make use of the Chandra-
redMaPPer samples (Section 2.3) and compare the X-ray peak
redMaPPer centred A to the prediction from the model. We rerun the
redMaPPer A algorithm with the X-ray peaks as the cluster centres.
The procedures are equivalent to the original A estimation with the
exception of a ‘percolation’ process (Rykoff et al. 2014), which re-
evaluates A upon masking neighbouring redMaPPer clusters. The
A estimations on X-ray peaks do not go through the ‘percolation’
process as the run does not consider redMaPPer clusters not present
in the X-ray sample. In this test, to ensure that the ‘percolation’
process is negligible, we remove clusters whose A changed by
10 per cent in the initial redMaPPer percolation process.*

We calculate the A offsets versus the distance offsets between the
X-ray peaks and redMaPPer centres. The X offsets are calculated as
Yx = ARM/Axray» and the corresponding X-ray and redMaPPer mis-
centring offsets as x, = ryp/r;., where r;, is evaluated with the X-ray
centred A. Clusters of centring offsets x, less than 0.1 are considered
well-centred (a similar cut is applied when deriving the model in
Section 4.1) and do not enter the test. In Fig. 8, we show the derived
A and centring offsets from the X-ray observations. The constrained
models in Section 4.1 appear to be qualitatively consistent with
these offsets.

To quantify the fitness of the model from the previous section,
we compute the following x2 discrepancy given model parameters
and observations:

n

2 _ Yx,i _y(xx,i) :
Xolea, by = | == (6)

i—1 Uy(xx.i)

As described in the previous section, « is the parameter of the j(x)
function, and a and b are the parameters of the o ,(x) function. If the
model quantitatively describes cluster mis-centring correctly, and

3Two from each of the SDSS and DES Y1 samples.
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the values of «, a, and b are accurate, xf(oz, a, b) will appear to
be drawn from a chi-squared distribution, x2(n), with the degree
of freedom, n, matching the number of {y,, x,} observations. This
chi-squared distribution is known as the posterior predictive density
for the x? discrepancy.

We perform Bayesian posterior predictive assessment on the
fitness of the model following the process in Gelman, Meng &
Stern (1996) and Meng (1994). The process includes calculating
a posterior predictive p-value (PPP value) which is the classical
p-value averaged over the posterior model parameter distribution.
With the posterior distribution of «, a and b sampled with the
MCMC method, the procedure goes as follows:

(i) Take one set of «, a, and b from the MCMC posterior
constraints, donated as «;, a;, and b;.

(i) Calculate the x> discrepancy for «j, a;, and by, denoted as x;.

(iii) Repeat the process for each set of «, a, and b values from
the MCMC posterior chain.

(iv) Foreach x 7, randomly draw a value, g;, from a standard x*(n)
distribution. For the posterior set of { XJZ, q,}, record the fraction of
X,g > g, as Pby, and the frequency of X]? < gq; as Pb,. We use a two
sided p-value definition, that Pb = min(Pb,, Pb,) as the PPP value.

We compute the posterior x2 discrepancy given X-ray {y,, x,}
observations shown in Fig. 8. The posterior x? discrepancy values
are expected to occupy a highly probable interval of a chi-squared
distribution x2(n) (posterior predictive density), with the degree of
freedom n matching the number of {yx, x, } observations from X-ray
peak centres. This appears to be the case for both the SDSS and
DES X-ray redMaPPer sample. The Bayesian posterior predictive
P-values (PPP values) are 0.18 and 0.50 respectively for the SDSS
and DES X-ray redMaPPer samples. Both of the PPP values are
above a 0.025 model rejection threshold, indicating consistency
between the constrained models and the offsets derived with X-ray
peak centres.

We also compute the posterior x? discrepancy for the original
{yi}, {x;} observations that are used to constrain the model. The
distributions of { X]?} are shown as the grey shaded histogram
in Fig. 6, along with the probability density of a chi-squared
distribution, x>(n), for comparison. The distribution of { X]?} is in
good accordance with the expected x2(n) distribution, for both the
SDSS and DES redMaPPer samples, indicating the goodness of the
fit and tightness of the model parameter constraints. The PPP values
for the SDSS and DES samples are 0.50 and 0.49, respectively,
matching the expectation of a well-posited model.

Note that when deriving the model, the available redMaPPer cat-
alogues already have imperfect centre selections. According to the
previous section, the majority (~70 percent) of the clusters in
the redMaPPer catalogue are correctly selected. We have attempted
to select clusters with a higher centring probability (using the
redMaPPer P, quantity), but the samples selected on Py, display
a hint of performing slightly worse in the validation test with
X-ray data. Because of a concern that this P, selection may
have biased the cluster sample, and that the selection still cannot
ensure a 100 percent well centred subsample, we do not apply
the selection in this paper and emphasize on our derived model
passing the validation test with X-ray data. In the future, it would
be desirable to quantify the richness offset model with X-ray
centred richness when larger X-ray redMaPPer clusters become
available.
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Figure 8. The shift in richness when the richness is estimated at the X-ray centres rather than the redMaPPer centres (first column). The lambda versus
centring offset models derived from the redMaPPer catalogue are shown as blue solid and dashed lines. Posterior predictive checks (second column) show that
the richness shifts estimated at the X-ray centres adhere to the models derived from the redMaPPer catalogue (see Section 4.2 for details).

5 IMPLICATIONS FOR DES CLUSTER
COSMOLOGY

5.1 Mis-centring model in DES cluster weak lensing analysis

In DES stacked cluster lensing studies, the cluster lensing signals
are fitted to an analytic model to determine cluster mass and
concentration. To summarize, McClintock et al. (2019) adopts the
following method to correct for mis-centring:

X(rIM, ¢) = pXeen(r|M, ¢) + (I = ) Zmiscent(r | M, ©). @)

In the above equations, X(r|M, c) is the cluster mass profile model
with mass M and concentration ¢. X ., (r|M, ¢) denotes the mass
profile model for well-centred clusters, while X iscent(7|M, ¢) is the
mass profile model for mis-centred clusters. The mis-centred profile
is averaged over the angle, 6, and magnitude, R, of the radial vector
to the correct centre,

2:miscern('_;“‘/[s C) = 2:cem('_; + I_é|M, C)s

1
2:miscem("“‘/[s C) = E/dedR Pmiscem(R) (8)

X Zeent(\/r2 + R? + 2r Reos(0)| M, ¢).

The distribution for the magnitude of the radial offset R i Pjscent(R),
which is described by a parameter 7. The model does not account for
the offset between central galaxies and X-ray peaks because haloes
are assumed to be centred on a massive dark matter substructure
hosting a central galaxy. Based on the analyses carried out in
this study and a companion SDSS redMaPPer centring study of
a complete sample with Swift observations in von der Linden et al.
(in preparation) and McClintock et al. (2019) adopted the prior p =
0.75 £ 0.08 and v = 0.17 &+ 0.04. These values are consistent

with the Chandra DES constraints presented in Section 3, but also
encompass the results of the SDSS samples presented in this paper
and in von der Linden et al. (in preparation).

5.2 Sensitivity of cluster mass estimation to the mis-centring
model

We determine the sensitivity of the mass calibration to variations
in the values of the mis-centring parameters. To do so, we create a
fiducial mass profile and analyse how much the measured masses
deviate from the truth if the mis-centring model is inaccurate.
Following the recipe in McClintock et al. (2019), the fiducial mass
profile model combines an NFW profile and a two-halo model of
Moo = 101 Mg, concentration of 5 and R; = 1 Mpc. We compute
the mis-centred lensing signal by adopting fiducial values p =
0.68 and v = 0.15. We fit this synthetic weak lensing data with a
minimum 2 method assuming a range of values for both p and ,
and measure the bias of the best-fitting mass and concentration as a
function of these two parameters. The fitting process is restricted to
the 0.2-30 Mpc radius range as in the DES Y1 weak lensing study
(McClintock et al. 2019) and the profile measurement uncertainty
is assumed to be due to shape nose only, and therefore scales with
radius as 7.

Fig. 9 shows the best-fitting mass and concentration parameters
as a function of p and r. We find that the best-fitting mass
is insensitive to the assumed p value, whereas the recovered
concentration is biased. Allowing the concentration parameter to
vary effectively decouples the recovered mass from p. By contrast,
variations in t have a non-negligible impact on the best-fitting
mass. Uncertainties in 7 at a level of +0.04, comparable to the
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Figure 9. We explore how inaccurate knowledge of the mis-centring
model parameters affects the accuracy of cluster mass and concentration
estimations in cluster lensing studies. A fiducial mass profile is created
using the prescription in McClintock et al. (2019) with a fiducial set of
mis-centring parameters. Through comparing to the fiducial mass pro-
file, the best-fitting mass and concentrations are estimated for different
assumed values of the mis-centring model parameters, p and 7. We find
that the mass estimation is robust under inaccurate assumptions of p,
but susceptible to inaccuracy in 7. The concentration parameter, on the
contrary, is more susceptible to the inaccuracy of p than t. The vertical
lines indicate parameter ranges comparable to those in McClintock et al.
(2019).

constraint in this paper, results in a mass uncertainty of +0.015
dex.*

These results are in qualitative agreement with the results of
McClintock et al. (2019), though computed with two important
methodological differences. Specifically: (1) McClintock et al.
(2019) has considered more systematic effects other than mis-
centring, including using a semi-analytic covariance matrix (Gruen
et al. 2015), and accounting for boost-factor corrections (Varga et
al. 2018). These changes will affect the relative weighting of radial
inner to outer scales, thereby impacting the sensitivity of the mass
posteriors to the mis-centring parameters. (2) When constraining
the richness-mass scaling relation parameters, McClintock et al.
(2019) treats the mis-centring parameters for each richness and
redshift bin as independent, which reduces the relative importance
of mis-centring in their analysis. Together, these differences reduce
the sensitivity of the scaling relation amplitude from the 0.015 dex
we estimated here to 0.78 per cent, as quoted in McClintock et al.
(2019). Nevertheless, it is clear from fig. 10 in McClintock et al.
(2019) that the mass posterior in a single bin is largely insensitive to
p, but is degenerate with 7, as illustrated in our toy model analysis
above.

These conclusions, however, rely on the assumption that the
cluster mass profile is not correlated with the cluster mis-centring

40.015 dex means 8logMagg, = 0.015.
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effect in optical data. Future cluster lensing analysis may wish
to further investigate this assumption, e.g. through examining the
cluster mass distribution in X-ray selected clusters (Das et al.,
private communication).

5.3 Cluster abundance

The A offset caused by cluster mis-centring introduces bias and
scatter into the lambda—mass scaling relation. We study the scatter
increase with a test based on a N-body dark matter simulation (Habib
etal. 2016). Richnesses are prescribed to each of the simulation dark
matter haloes following the richness—mass relation in Saro et al.
(2015), with a richness scatter, o 1,3, of 25 per cent. We perturb the
assigned richnesses with the Chandra SDSS offset model presented
in Section 3 and the richness bias model presented in this section,
and find the richness scatter, o'y, to increase by 2 per cent.

The bias and scatter manifest themselves in the number count
of clusters selected by A, which is a fundamental input to cluster
abundance cosmology. Mis-centring tends to lower the richness
estimation and the numbers of clusters above a richness threshold
selected by the mis-centred richnesses would be lower than those
selected by richnesses without mis-centring. The average mass
of the clusters selected by the mis-centred richnesses tend to be
higher. Testing with simulations shows that the numbers of clusters
selected by the mis-centred richnesses is lower by ~2 per cent,
and the average cluster masses increase by ~0.5 per cent. Costanzi
et al. (2018) estimates these shift to have negligible effects for
SDSS and DES Y1 cluster cosmology constraints since they are
significantly smaller than the remaining systematic uncertainties
of cluster abundance and mass estimations. Nevertheless, Costanzi
et al. (2018) and the DES Collaboration (in preparation) corrected
the data vectors with the factors listed above to account for the mis-
centring effect. Future cluster cosmology analysis in the coming
years of DES and LSST may wish to explicitly incorporate the
mis-centring richness relations as the mis-centring effect on cluster
abundance becomes more substantial compared to the statistical
uncertainty.

6 CENTRING STUDY WITH XMM DATA

During the preparation of this paper, an additional sample of
redMaPPer clusters (SDSS and DES) with archival X-ray obser-
vations from the XMM-Newton space telescope became available.
As the centring analyses in this paper are optimized for Chandra
observations, especially the centring offset model for well-centred
clusters is optimized for Chandra PSFs, we do not attempt to
combine the XMM and Chandra observations in the modelling
processes. Rather, we use the XMM defined X-ray centres to explore
the robustness of the fits presented in Section 3. The sample selection
and the XMM data analysis methods are described in Section 6.1,
and Section 6.2 describes the centring comparison results from
XMM.

6.1 X-ray data processing

The redMaPPer—-XMM joint samples (SDSS and DES) were con-
structed as follows. First, the redMaPPer centroids were compared
to the aim points of observations in the XMM public archive.’
redMaPPer clusters with centroids falling outside 13 arcmin of

SThe archive match used in this analysis was carried out on 2018 August.
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an aim point were excluded from the samples. Secondly, the
mean and median XMM exposure time was determined within
a 10 arcsec radius of the redMaPPer centroid. For this we used
exposure maps produced by the XMM Cluster Survey (XCS, Lloyd-
Davies et al. 2011). Any redMaPPer clusters with mean exposure
times of <3 ks, and/or median exposure times of <1.5 ks, were
excluded from the samples. We note that the median filter was
necessary because some clusters straddle both active and inactive
regions of the field of view (FOV), e.g. those lying close to the
FOV edge. If a given cluster was observed multiple times by
XMM, only the observation with the longest exposure time, at the
redMaPPer centroid, was used in subsequent analyses. Third, the
remaining redMaPPer cluster centroids were compared to the list
of extended sources detected using the XCS Automated Pipeline
Algorithm (XAPA). Any redMaPPer clusters lying further than
2 h~! Mpc (assuming the redMaPPer redshift) of such a source
were excluded from the samples. At this stage, the SDSS and
DES redMaPPer—XCS samples comprised of 356 and 282 clusters,
respectively.

The X-ray peaks for the clusters in the redMaPPer—XMM joint
samples were then determined using a method that closely follows
that used for the Chandra analyses, as described in Section 2.3.
An initial peak location was found in the respective merged (PN,
MOS1, MOS2) XMM image, after smoothing with a o = 50h~! kpc
Gaussian (assuming the redMaPPer redshift). As with the Chandra
analysis, other sources (i.e. those assumed not to be associated
with the redMaPPer cluster) are masked out before the smoothing
takes place. For this, we use the XAPA source catalogue of point-
like sources. If there are multiple XAPA extended source within
the image, then only the one closest to the redMaPPer centroid
is left unmasked. The peak location is then the brightest pixel in
the masked, smoothed image, within a radius 1.5 x R, of the RM
position.

The initial peak selection was occasionally erroneous. For exam-
ple when there was a very bright point source in the XMM FOV.
Such sources ‘bleed’ into the surrounding region of the detector,
meaning that the default point source mask size was not large enough
remove them completely. Such cases were easily identified by eye
using SDSS (or DES) and XMM ‘postage stamp’ images. Most of
these cases could be corrected by adjusting the size of the point
source mask, and then re-running the peak finding script. However,
for some, the point source ‘bleeding’ was so pronounced that the
respective cluster had to be removed from the redMaPPer—-XMM
joint sample. Another reason for the initial peak being erroneous
was the mis-percolation issue described in Section 2.3. The mis-
percolation cases were also identified using eye-ball checks. For
these it was necessary to adjust the extended source mask, so that
the closest source was now masked, but the second closest was not.

Once the second run of peak finding has been completed (and the
new peak positions have been confirmed by eye), the remaining clus-
ters were eye-balled again. At this stage, more redMaPPer clusters
were removed from the sample: (i) those where the XAPA extended
source is clearly not associated with the redMaPPer cluster (i.e.
it is a foreground background cluster in projection), and (ii) those
where the redMaPPer central galaxy falls in an XMM chip gap. After
the various cuts described above, the SDSS-XCS and DES-XCS
samples contained 248 and 109 sources, respectively.

We further apply off axis angle and SNR cuts to the XMM
samples. The SNR was determined in the same way as for the
Chandra sample i.e. within 5004~ kpc, using 0.5-2.0 keV XMM
images. For the XMM-SDSS sample, we require the detections S/N
to be >6.5, and the redMaPPer centres to be within 8.5 arcmin of
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Figure 10. Redshift and richness distributions of the SDSS (black) and
DES (blue) redMaPPer clusters matched to archival XMM observations.

the aim point (or 6.5 arcmin away from the FOV edge assuming a 15
arcmin FOV radius). For the XMM-DES sample, we again require
the detections S/N to be >6.5, but allow the redMaPPer centres to
be up to 10.5 arcmin of the aim point. The FOV cuts ensure that
the corresponding redMaPPer centres are more than 500 kpc away
from the FOV edge at z = 0.1 for the SDSS sample, or at z = 0.2
for the DES sample. The S/N cuts were imposed to match the 6.5
S/N cuts in the Chandra analysis. With these FOV and S/N cuts,
the final SDSS and DES XMM samples contain 163 and 66 clusters,
respectively. Fig. 10 shows their richness and mass distributions.

Further details of the redMaPPer—XMM joint sample develop-
ment, the peak measurements, the signal-to-noise estimation and
the individual mis-percolation cases can be found in Giles et al. (in
preparation).

6.2 The XMM-Chandra and XMM-redMaPPer offsets

A subsample of the redMaPPer clusters, 54 in the SDSS sample,
and 25 in the DES sample, are analysed by both the XMM and
Chandra analyses. With these overlapping cases, we compare the
XMM peak measurements to those from Chandra. Fig. 11 shows the
offset distribution between XMM and Chandra peak identifications
for the same redMaPPer clusters, scaled by their R; . The XMM and
Chandra peak identifications are highly consistent: their separations
are within 0.05 R, for 53/54 of the overlapping SDSS clusters,
and 20/25 of the overlapping DES clusters. The separations have
a wider distribution for the DES redMaPPer sample reflecting its
higher redshift range, and hence higher X-ray peak identification
uncertainties in terms of physical distances.

Given the consistency between XMM and Chandra X-ray peak
identifications, we constrain the redMaPPer centring offset model
proposed in Section 3 with the XMM peaks. Figs 12 and 13
respectively show the offset distributions between the XMM peaks
and the redMaPPer centres for the SDSS and DES samples, with
comparisons to their corresponding Chandra offset distributions.
Figs 14, 15, and Table 4 show the model parameter constraints from
these XMM samples. The o parameter in our redMaPPer centring
offset model (equation 1) represents the X-ray peak offset to cluster
central galaxy for well-centred clusters, which is further smeared
by X-ray peak identification uncertainty and X-ray telescope PSFs.
Since o is in the unit of physical distance, the o difference can be
driven by the different angular resolutions of XMM and Chandra at
low redshift, and other X-ray peak identification uncertainties, and
X-ray peak-galaxy centre separations at higher redshift. Hence, we
do not expect this parameter to agree between XMM and Chandra,
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between the Chandra and XMM peak identifications for the same redMaPPer
clusters.
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Figure 12. The R; [R; = (1/100)%2 h~! Mpc] scaled offset distribution
between the redMaPPer centres and the X-ray emission peaks for the
redMaPPer SDSS samples from the XMM archival observations. The distri-
bution can be fitted with two components — a concentrated component that
represents the well centred redMaPPer clusters, and an extended component
that represents the mis-centred redMaPPer clusters. The best-fitting SDSS
offset model is shown as the solid lines (black: well-centred model, red:
mis-centred model), with the shaded regions representing the uncertainties.
As a comparison, we also show the corresponding offset distribution from
the analysis with Chandra archival data (blue dashed histogram).
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Figure 13. The R, [R) = (A /10())0‘2 h! Mpc] scaled offset distribution
between the redMaPPer centres and the X-ray emission peaks for the
redMaPPer DES samples from the XMM archival observations. The distri-
bution can be fitted with two components — a concentrated component that
represents the well centred redMaPPer clusters, and an extended component
that represents the mis-centred redMaPPer clusters. The best-fitting DES
offset model is shown as the solid lines (black: well-centred model, red:
mis-centred model), with the shaded regions representing the uncertainties.
As a comparison, we also show the corresponding offset distribution from
the analysis with Chandra archival data (blue dashed histogram).
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Figure 14. Centring offset parameter constraints (equation 1) for the XMM
SDSS (grey) redMaPPer samples. 76 & 6 per cent of the SDSS redMaPPer
clusters appear to be well centred (indicated by the p parameter). For the
mis-centred clusters, their mis-centring offsets is characterized by a Gamma
distribution with a characteristic offset (the t parameter) of 0.16 £+ 0.03
R;.. As a comparison, we also show the corresponding model constraints
from the SDSS analysis with Chandra archival data (blue). The prior central
values adopted in DES cosmological analyses as described in Section 5 are
shown as the black dashed lines.
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Figure 15. Centring offset parameter constraints (equation 1) for the XMM
DES (grey) redMaPPer samples. 74 £ 10 per cent of the DES redMaPPer
clusters appear to be well centred (indicated by the p parameter). For the
mis-centred clusters, their mis-centring offsets is characterized by a Gamma
distribution with a characteristic offset (the v parameter) of 0.20 £ 0.07 Ry
As a comparison, we also show the corresponding model constraints from
the DES analysis with Chandra archival data (blue). The prior central values
adopted in DES cosmological analyses as described in Section 5 are shown
as the black dashed lines.
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Table 4. Centring offset Parameter constraints (equation 1) for the XMM
DES and SDSS redMaPPer samples.

P o T
Prior (03, 1] [0.0001,0.1]  [0.08,0.5]
XMM SDSS posterior 07817005 0.0432700083  0.20170.075

XMM DES posterior 0.815T0%%  0.05310912  0.18570:9%¢

and the o difference is especially larger for the lower redshift SDSS
redMaPPer samples. For the other two parameters of the model, p
and t, which respectively represent the well-centred fractions of
redMaPPer and the centring offset of mis-centred redMaPPer clus-
ters, the constraints from XMM are consistent with those from
Chandra for both the SDSS and DES redMaPPer samples within
two standard deviations.

Notably, no selection cuts in the XMM analysis were made to
make its centring model constraints better match the Chandra
results, yet their centring offset results are consistent with each other.
We conclude that the redMaPPer mis-centring offset modelling
presented in this paper are robust upon investigation with archival
XMM data.

7 SUMMARY

This analysis makes use of the archival X-ray observations to
constrain the centring performance of the redMaPPer cluster find-
ing algorithm. We calibrate the well-centred fraction of redMaP-
Per clusters for both the SDSS and DES samples with the X-ray
emission peaks. The offsets between the redMaPPer centres and
X-ray peaks are well modelled by a two-component distribution,
which indicates that 693:? per cent and 83.5f;'15‘2 per cent of the
clusters are well centred in the SDSS and DES samples. The offset
distribution of the mis-centred redMaPPer clusters are modelled
with a Gamma distribution, and cluster mass modelling appears to
be more sensitive to the accuracy of these mis-centring offsets than
the mis-centring fraction.

With the upcoming DES Year 3 and Year 5 data, we expect
the redMaPPer centring constraints to continue improving with ~
2 times larger overlapping samples between DES and archival X-
ray observations, which may permit us to quantify the dependence
of the centring parameters on cluster properties, such as cluster
richness, redshift, X-ray temperature, and luminosity. The current
improvement has already lowered the cluster weak lensing mass
modelling uncertainties due to mis-centring, to the extent of being
in-substantial comparing to the other modelling systematic effects.
Since mis-centring is often assumed to be uncorrelated with cluster
mass distributions in weak lensing analyses, with the anticipated
level of improvement, one may wish to investigate the correlations
of mis-centring with other cluster lensing systematic effects, such as
cluster mass modelling uncertainties, cluster orientation, triaxiality,
and projection (McClintock et al. 2019).

The cluster richness estimates tend to be biased lower by mis-
centering. In this paper, we propose a richness bias model to
describe the effect, which is validated by X-ray centred richness
measurements. The richness bias is offset dependent, low for
clusters with small mis-centering offset, but larger than 50 per cent
for severely mis-centred clusters. Cluster cosmology studies based
on full depth DES data or LSST data should explicitly account for
this effect to avoid biased cosmological parameter inferences.

Code used in this analysis is available from https://github.com/y
yzhang/center_modeling_y1.

RedMaPPer mis-centring 2591

ACKNOWLEDGEMENTS

TJ is pleased to acknowledge funding support from DE-SC0010107
and DE-SC0013541. AKR, PG, and SB acknowledge support from
the UK Science and Technology Facilities Council via grants
ST/P000252/1 and ST/N504452/1, respectively. DG was supported
in part by the U.S. Department of Energy under contract number DE-
ACO02-76SF00515 and by Chandra Award Number GO8-19101A,
issued by the Chandra X-ray Observatory Center. We use Monte
Carlo Markov Chain sampling in this analyses, which are performed
with the pymc (Patil, Huard & Fonnesbeck 2010) and EMCEE
(Foreman-Mackey et al. 2013) PYTHON packages.

Funding for the DES Projects has been provided by the U.S.
Department of Energy, the U.S. National Science Foundation,
the Ministry of Science and Education of Spain, the Science
and Technology Facilities Council of the United Kingdom, the
Higher Education Funding Council for England, the National Center
for Supercomputing Applications at the University of Illinois at
Urbana-Champaign, the Kavli Institute of Cosmological Physics
at the University of Chicago, the Center for Cosmology and
Astro-Particle Physics at the Ohio State University, the Mitchell
Institute for Fundamental Physics and Astronomy at Texas A&M
University, Financiadora de Estudos e Projetos, Fundagdo Carlos
Chagas Filho de Amparo a Pesquisa do Estado do Rio de Janeiro,
Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico
and the Ministério da Ciéncia, Tecnologia e Inovacao, the Deutsche
Forschungsgemeinschaft, and the Collaborating Institutions in the
Dark Energy Survey.

The Collaborating Institutions are Argonne National Laboratory,
the University of California at Santa Cruz, the University of
Cambridge, Centro de Investigaciones Energéticas, Medioambien-
tales y Tecnoldgicas-Madrid, the University of Chicago, Univer-
sity College London, the DES-Brazil Consortium, the University
of Edinburgh, the Eidgendssische Technische Hochschule (ETH)
Ziirich, Fermi National Accelerator Laboratory, the University of
Illinois at Urbana-Champaign, the Institut de Ciencies de 1’Espai
(IEEC/CSIC), the Institut de Fisica d’Altes Energies, Lawrence
Berkeley National Laboratory, the Ludwig-Maximilians Universitét
Miinchen and the associated Excellence Cluster Universe, the
University of Michigan, the National Optical Astronomy Obser-
vatory, the University of Nottingham, The Ohio State University,
the University of Pennsylvania, the University of Portsmouth,
SLAC National Accelerator Laboratory, Stanford University, the
University of Sussex, Texas A&M University, and the OzDES
Membership Consortium.

Based in part on observations at Cerro Tololo Inter-American
Observatory, National Optical Astronomy Observatory, which is
operated by the Association of Universities for Research in As-
tronomy (AURA) under a cooperative agreement with the National
Science Foundation.

The DES data management system is supported by the Na-
tional Science Foundation under Grant Numbers AST-1138766
and AST-1536171. The DES participants from Spanish institu-
tions are partially supported by MINECO under grants AYA2015-
71825, ESP2015-66861, FPA2015-68048, SEV-2016-0588, SEV-
2016-0597, and MDM-2015-0509, some of which include ERDF
funds from the European Union. IFAE is partially funded by the
CERCA program of the Generalitat de Catalunya. Research leading
to these results has received funding from the European Research
Council under the European Union’s Seventh Framework Program
(FP7/2007-2013) including ERC grant agreements 240672,291329,
and 306478. We acknowledge support from the Australian Research

MNRAS 487, 2578-2593 (2019)

1202 UYoIe\ 80 UO 150NB Aq L 0Y0675/8252/2/.8Y/RI01HE/SEIUW/WIO0D dNODILSPEDE//:SA)Y WO} POPEOJUMO(


https://github.com/yyzhang/center_modeling_y1

2592  DES Collaboration

Council Centre of Excellence for All-sky Astrophysics (CAAS-
TRO), through project number CE110001020.

This manuscript has been authored by Fermi Research Alliance,
LLC under Contract No. DE-AC02-07CH11359 with the U.S.
Department of Energy, Office of Science, Office of High Energy
Physics. The United States Government retains and the publisher, by
accepting the article for publication, acknowledges that the United
States Government retains a non-exclusive, paid-up, irrevocable,
world-wide license to publish or reproduce the published form
of this manuscript, or allow others to do so, for United States
Government purposes.

REFERENCES

Aihara H. et al., 2011, ApJS, 193, 29

Allen S. W., Evrard A. E., Mantz A. B., 2011, ARA&A, 49, 409

Costanzi M., et al., 2018, preprint (arXiv:1810.09456)

Costanzi M. et al., 2019, MNRAS, 482, 490

Dietrich J. P. et al., 2014, MNRAS, 443, 1713

Donahue M. et al., 2015, ApJ, 805, 177

Drlica-Wagner A. et al., 2018, ApJS, 235, 33

Erickson B. M. S., Cunha C. E., Evrard A. E., 2011, Phys. Rev. D, 84,
103506

Farahi A, et al., 2019, preprint (arXiv:1903.08042)

Foreman-Mackey D., Hogg D. W., Lang D., Goodman J., 2013, PASP, 125,
306

Gelman A., Carlin J. B, Stern H. S., Rubin D. B., 2003, Bayesian Data
Analysis, Second Edition (Chapman & Hall/CRC Texts in Statistical
Science). 2 edn. Chapman and Hall/CRC, Boca Raton, FL.

Gelman A., Meng X.-L., Stern H., 1996, Stat. Sin., 6, 733

Gruen D., Seitz S., Becker M. R., Friedrich O., Mana A., 2015, MNRAS,
449, 4264

Habib S. et al., 2016, New Astron., 42, 49

Hao J. et al., 2010, ApJS, 191, 254

Hikage C., Mandelbaum R., Leauthaud A., Rozo E., Rykoff E. S., 2018,
MNRAS, 480, 2689

Hollowood D. L. et al., 2018, preprint (arXiv:1808.06637)

Hoshino H. et al., 2015, MNRAS, 452, 998

Johnston D. E., Sheldon E. S., Tasitsiomi A., Frieman J. A., Wechsler R. H.,
McKay T. A., 2007b, ApJ, 656, 27

Johnston D. E. et al., 2007a, preprint (arXiv:0709.1159)

Kim S. Y., Peter A. H. G., Wittman D., 2017, MNRAS, 469, 1414

Koester B. P. et al., 2007, ApJ, 660, 239

Lauer T. R., Postman M., Strauss M. A., Graves G. J., Chisari N. E., 2014,
Apl, 797, 82

Lin Y.-T., Mohr J. J., 2004, ApJ, 617, 879

Lloyd-Davies E. J. et al., 2011, MNRAS, 418, 14

Luo W. et al., 2018, ApJ, 862, 4

Mahdavi A., Hoekstra H., Babul A., Bildfell C., Jeltema T., Henry J. P.,
2013, Apl, 767, 116

Mantz A. B., Allen S. W., Morris R. G., Schmidt R. W., von der Linden A.,
Urban O., 2015, MNRAS, 449, 199

Martel H., Robichaud E., Barai P., 2014, AplJ, 786, 79

McClintock T., et al., 2019, MNRAS, 482, 1352

McDonald M. et al., 2012, Nature, 488, 349

Melchior P. et al., 2017, MNRAS, 469, 4899

Meng X.-L., 1994, Ann. Stat., 22, 1142

Murata R., Nishimichi T., Takada M., Miyatake H., Shirasaki M., More S.,
Takahashi R., Osato K., 2018, ApJ, 854, 120

Noh Y., Cohn J. D., 2012, MNRAS, 426, 1829

Oguri M. et al., 2018, PASJ, 70, S20

Patil A., Huard D., Fonnesbeck C. J., 2010, J. Stat. Softw., 35, 1

Roberts I. D., Parker L. C., Hlavacek-Larrondo J., 2018, MNRAS, 475, 4704

Rozo E., Rykoff E. S., 2014, ApJ, 783, 80

Rozo E., Rykoff E. S., Bartlett J. G., Melin J.-B., 2015a, MNRAS, 450, 592

MNRAS 487, 2578-2593 (2019)

Rozo E., Rykoff E. S., Becker M., Reddick R. M., Wechsler R. H., 2015b,
MNRAS, 453, 38

Rozo E. et al., 2010, ApJ, 708, 645

Rykoff E. S. et al., 2012, ApJ, 746, 178

Rykoff E. S. et al., 2014, ApJ, 785, 104

Rykoff E. S. et al., 2016, ApJS, 224, 1

Saro A. et al., 2015, MNRAS, 454, 2305

Simet M., McClintock T., Mandelbaum R., Rozo E., Rykoff E., Sheldon E.,
Wechsler R. H., 2017, MNRAS, 466, 3103

Skibba R. A., van den Bosch F. C., Yang X., More S., Mo H., Fontanot F.,
2011, MNRAS, 410, 417

Song J. et al., 2012, Apl, 761, 22

Stott J. P., Collins C. A., Burke C., Hamilton-Morris V., Smith G. P.,, 2011,
MNRAS, 414, 445

Stott J. P. et al., 2012, MNRAS, 422, 2213

Tinker J., Kravtsov A. V., Klypin A., Abazajian K., Warren M., Yepes G.,
Gottlober S., Holz D. E., 2008, ApJ, 688, 709

Varga, T. N., et al., 2018, preprint (arXiv:1812.05116)

Vikhlinin A., Markevitch M., Forman W., Jones C., 2001, ApJ, 555, L87

Weinberg D. H., Mortonson M. J., Eisenstein D. J., Hirata C., Riess A. G.,
Rozo E., 2013, Phys. Rep., 530, 87

Zhang Y. et al., 2016, ApJ, 816, 98

Zibetti S., White S. D. M., Schneider D. P., Brinkmann J., 2005, MNRAS,
358,949

YFermi National Accelerator Laboratory, PO Box 500, Batavia, IL 60510,
USA

2Santa Cruz Institute for Particle Physics, Santa Cruz, CA 95064, USA
3Department of Physics, University of Arizona, Tucson, AZ 85721, USA
4Department of Physics, Carnegie Mellon University, Pittsburgh, PA 15312,
USA

S Department of Physics, University of Michigan, Ann Arbor, MI 48109, USA
SDepartment of Physics and Astronomy, Pevensey Building, University of
Sussex, Brighton BN1 9QH, UK

"Kavli Institute for Particle Astrophysics & Cosmology, PO Box 2450,
Stanford University, Stanford, CA 94305, USA

8SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA

9 Department of Astronomy, University of Michigan, Ann Arbor, MI 48109,
USA

10 Faculty of Physics, Ludwig-Maximilians-Universitit, Scheinerstr 1, D-
81679 Munich, Germany

Y Department of Physics, Stanford University, 382 Via Pueblo Mall, Stan-
Jford, CA 94305, USA

2Department of Physics and Astronomy, Stony Brook University, Stony
Brook, NY 11794, USA

BUniversitits-Sternwarte, Fakultt fiir Physik, Ludwig-Maximilians Uni-
versitdt Miinchen, Scheinerstr 1, D-81679 Miinchen, Germany

14 Astrophysics Research Institute, Liverpool John Moores University, IC2,
Liverpool Science Park, 146 Brownlow Hill, Liverpool L3 SRF, UK

15 Astrophysics & Cosmology Research Unit, School of Mathematics, Statis-
tics & Computer Science, University of KwaZulu-Natal, Westville Campus,
Durban 4041, South Africa

16Max Planck Institute for Extraterrestrial Physics, Giessenbachstrasse,
D-85748 Garching, Germany

Y nstitute for Astronomy, University of Edinburgh, Royal Observatory,
Blackford Hill, Edinburgh EH9 3NJ, UK

8 Institute for Astronomy, University of Edinburgh, Edinburgh EH9 3HJ,
UK

19 Department of Physics and Astronomy, Uppsala University, Box 516, SE-
751 20 Uppsala, Sweden

20Sub-department of Astrophysics, Department of Physics, University of
Oxford, Denys Wilkinson Building, Keble Road, Oxford OX1 3RH, UK

2L Department of Physics, Lancaster University, Lancaster LAI 4 YB, UK
22 Instituto de Astrofisica e Ciencias do Espaco, Universidade do Porto,
CAUP, Rua das Estrelas, P-4150-762 Porto, Portugal

23Departamento de Fisica e Astronomia, Faculdade de Ciencias, Universi-
dade do Porto, Rua do Campo Alegre, 687, P-4169-007 Porto, Portugal

1202 UYoIBI\ 80 UO 159NB AQ L 010675/8252/2//8Y/2I01ME/SEIUW/UWIO0d dNODILSPED.//:SA))Y WO} PAPEOjUMOQ


http://dx.doi.org/10.1088/0067-0049/193/2/29
http://dx.doi.org/10.1146/annurev-astro-081710-102514
http://arxiv.org/abs/1810.09456
http://dx.doi.org/10.1093/mnras/sty2665
http://dx.doi.org/10.1093/mnras/stu1282
http://dx.doi.org/10.1088/0004-637X/805/2/177
http://dx.doi.org/10.3847/1538-4365/aab4f5
http://arxiv.org/abs/1903.08042
http://dx.doi.org/10.1086/670067
http://dx.doi.org/10.1093/mnras/stv532
http://dx.doi.org/10.1016/j.newast.2015.06.003
http://dx.doi.org/10.1088/0067-0049/191/2/254
http://dx.doi.org/10.1093/mnras/sty2013
http://arxiv.org/abs/1808.06637
http://dx.doi.org/10.1093/mnras/stv1271
http://dx.doi.org/10.1086/510060
http://arxiv.org/abs/0709.1159
http://dx.doi.org/10.1093/mnras/stx896
http://dx.doi.org/10.1086/509599
http://dx.doi.org/10.1088/0004-637X/797/2/82
http://dx.doi.org/10.1086/425412
http://dx.doi.org/10.1111/j.1365-2966.2011.19117.x
http://dx.doi.org/10.1088/0004-637X/767/2/116
http://dx.doi.org/10.1093/mnras/stv219
http://dx.doi.org/10.1088/0004-637X/786/2/79
http://dx.doi.org/10.1093/mnras/sty2711
http://dx.doi.org/10.1038/nature11379
http://dx.doi.org/10.1093/mnras/stx1053
http://dx.doi.org/10.3847/1538-4357/aaaab8
http://dx.doi.org/10.1111/j.1365-2966.2012.21810.x
http://dx.doi.org/10.1093/mnras/sty131
http://dx.doi.org/10.1088/0004-637X/783/2/80
http://dx.doi.org/10.1093/mnras/stv605
http://dx.doi.org/10.1093/mnras/stv1560
http://dx.doi.org/10.1088/0004-637X/708/1/645
http://dx.doi.org/10.1088/0004-637X/746/2/178
http://dx.doi.org/10.1088/0004-637X/785/2/104
http://dx.doi.org/10.3847/0067-0049/224/1/1
http://dx.doi.org/10.1093/mnras/stv2141
http://dx.doi.org/10.1093/mnras/stw3250
http://dx.doi.org/10.1111/j.1365-2966.2010.17452.x
http://dx.doi.org/10.1088/0004-637X/761/1/22
http://dx.doi.org/10.1111/j.1365-2966.2011.18404.x
http://dx.doi.org/10.1111/j.1365-2966.2012.20764.x
http://dx.doi.org/10.1086/591439
http://arxiv.org/abs/1812.05116
http://dx.doi.org/10.1086/323181
http://dx.doi.org/10.3847/0004-637X/816/2/98
http://dx.doi.org/10.1111/j.1365-2966.2005.08817.x

2 nstitute of Cosmology and Gravitation, University of Portsmouth,
Portsmouth PO1 3FX, UK

251SST, 933 North Cherry Avenue, Tucson, AZ 85721, USA

26 Physics Department, 2320 Chamberlin Hall, University of Wisconsin-
Madison, 1150 University Avenue, Madison, WI 53706-1390, USA
21CNRS, UMR 7095, Institut d’Astrophysique de Paris, F-75014 Paris,
France

2Sorbonne Universités, UPMC Univ Paris 06, UMR 7095, Institut
d’Astrophysique de Paris, F-75014 Paris, France

2 Department of Physics & Astronomy, University College London, Gower
Street, London WCIE 6BT, UK

30 Centro de Investigaciones Energéticas, Medioambientales y Tecnoldgicas
(CIEMAT), 28040, Madrid, Spain

3 Laboratério Interinstitucional de e-Astronomia — LineA, Rua Gal. José
Cristino 77, Rio de Janeiro, RJ — 20921-400, Brazil

32Department of Astronomy, University of Hlinois at Urbana-Champaign,
1002 W. Green Street, Urbana, IL 61801, USA

3 National Center for Supercomputing Applications, 1205 West Clark St.,
Urbana, IL 61801, USA

3 nstitut de Fisica d’Altes Energies (IFAE), The Barcelona Institute of
Science and Technology, Campus UAB, E-08193 Bellaterra (Barcelona),
Spain

33 Institut d’Estudis Espacials de Catalunya (IEEC), E-08034 Barcelona,
Spain

30 Institute of Space Sciences (ICE, CSIC), Campus UAB, Carrer de Can
Magrans, s/n, E-08193 Barcelona, Spain

31 Observatério Nacional, Rua Gal. José Cristino 77, Rio de Janeiro, RJ —
20921-400, Brazil

38 Department of Physics, IIT Hyderabad, Kandi, Telangana 502285, India
39Excellence Cluster Universe, Boltzmannstr 2, D-85748 Garching, Ger-
many

40 Kavli Institute for Cosmological Physics, University of Chicago, Chicago,
1L 60637, USA

RedMaPPer mis-centring 2593

H Instituto de Fisica Teorica UAM/CSIC, Universidad Autonoma de Madrid,
E-28049 Madrid, Spain

42Department of Physics, ETH Zurich, Wolfgang-Pauli-Strasse 16, CH-8093
Zurich, Switzerland

43 Center for Cosmology and Astro-Particle Physics, The Ohio State Uni-
versity, Columbus, OH 43210, USA

4 Department of Physics, The Ohio State University, Columbus, OH 43210,
USA

4 Department of Astronomy/Steward Observatory, 933 North Cherry Av-
enue, Tucson, AZ 85721-0065, USA

46 Australian Astronomical Optics, Macquarie University, North Ryde, NSW
2113, Australia

47Departamento de Fisica Matemdtica, Instituto de Fisica, Universidade de
Sdo Paulo, CP 66318, Sdo Paulo, SP 05314-970, Brazil

8 George P. and Cynthia Woods Mitchell Institute for Fundamental Physics
and Astronomy, and Department of Physics and Astronomy, Texas A&M
University, College Station, TX 77843, USA

49 Department of Astrophysical Sciences, Princeton University, Peyton Hall,
Princeton, NJ 08544, USA

pnstitucié Catalana de Recerca i Estudis Avangats, E-08010 Barcelona,
Spain

31School of Physics and Astronomy, University of Southampton, Southamp-
ton SO17 1BJ, UK

52Brandeis University, Physics Department, 415 South Street, Waltham, MA
02453, USA

33 Computer Science and Mathematics Division, Oak Ridge National Labo-
ratory, Oak Ridge, TN 37831, USA

54Argorme National Laboratory, 9700 South Cass Avenue, Lemont, IL
60439, USA

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

MNRAS 487, 2578-2593 (2019)

1202 UYoIBI\ 80 UO 159NB AQ L 010675/8252/2//8Y/2I01ME/SEIUW/UWIO0d dNODILSPED.//:SA))Y WO} PAPEOjUMOQ



