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ABSTRACT
We cross-match and compare characteristics of galaxy clusters identified in observations from two sky surveys using two
completely different techniques. One sample is optically selected from the analysis of three years of Dark Energy Survey
observations using the redMaPPer cluster detection algorithm. The second is X-ray selected from XMM observations analysed
by the XMM Cluster Survey. The samples comprise a total area of 57.4 deg2, bounded by the area of 4 contiguous XMM
survey regions that overlap the DES footprint. We find that the X-ray selected sample is fully matched with entries in the
redMaPPer catalogue, above 𝜆 >20 and within 0.1< 𝑧 <0.9. Conversely, only 38% of the redMaPPer catalogue is matched to an
X-ray extended source. Next, using 120 optically clusters and 184 X-ray selected clusters, we investigate the form of the X-ray
luminosity-temperature (𝐿𝑋 − 𝑇𝑋 ), luminosity-richness (𝐿𝑋 − 𝜆) and temperature-richness (𝑇𝑋 − 𝜆) scaling relations. We find
that the fitted forms of the 𝐿𝑋 − 𝑇𝑋 relations are consistent between the two selection methods and also with other studies in
the literature. However, we find tentative evidence for a steepening of the slope of the relation for low richness systems in the
X-ray selected sample. When considering the scaling of richness with X-ray properties, we again find consistency in the relations
(i.e., 𝐿𝑋 − 𝜆 and 𝑇𝑋 − 𝜆) between the optical and X-ray selected samples. This is contrary to previous similar works that find
a significant increase in the scatter of the luminosity scaling relation for X-ray selected samples compared to optically selected
samples.
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1 INTRODUCTION

Galaxy clusters are the most massive collapsed objects in the Uni-
verse, forming at the intersections of large scale structure filaments
and provide an ideal laboratory for cosmological studies. The for-
mation of large scale structure is predicated on the gravitational
collapse of primordial density fluctuations and, therefore, the halo
mass function (as measured by the number of clusters of mass M
per unit comoving volume) is sensitive to cosmological models (e.g.,
Vikhlinin et al. 2009). Probing number counts and mass can there-
fore place constraints on cosmology and this is particularly powerful
when used in complement with other cosmological markers, such as
the angular power spectrum of the Cosmic Microwave Background
(e.g., Hou et al. 2014; Planck Collaboration et al. 2016) or Baryonic
Acoustic Oscillations (e.g., Carvalho et al. 2016).

In Abbott et al. (2020, hereafter A20), the Dark Energy Survey
(hereafter DES, Dark Energy Survey Collaboration et al. 2016) col-
laboration released cluster cosmology results, estimated using the
number density of clusters and a stacked weak lensing mass cali-
bration. These results highlighted a significant tension between the
calculated values of cosmological parameters (namely Ωm and 𝜎8)
versus those produced by other surveys, including other DES analy-
ses. The tensions in the 𝜎8-Ω𝑚 plane were 1.1𝜎 vs SPT-2500 (Boc-
quet et al. 2019), 1.7𝜎 vs Weighing the Giants (Applegate et al.
2014), 2.4𝜎 vs DES 3x2pt (Abbott et al. 2018) and 5.6𝜎 vs Planck
(Planck Collaboration et al. 2016). A20 suggests that the tension is
most likely explained by a failure in the understanding of the optical
selection on the weak-lensing signal such as biases due to cluster ori-
entation and projection effects (e.g. Wu et al. 2022). A20 notes that
the tension is reduced if lower mass clusters with a richness (𝜆) < 30
are removed from the sample. Richness is redMaPPer’s (see section
2.1 for an introduction to redMaPPer) probabilistic measure of the
number of galaxies in a cluster and is the main optical observable in
the DES cluster analysis. The A20 authors point out that had the anal-
ysis been performed only on the higher mass systems, this systematic
tension would not have been discovered.

It is therefore of critical importance for inferring cosmology to
understand the differences at these lower richnesses/masses, either
their physical properties or unknown systematics in the modelling
of these systems. We therefore have two primary considerations:

1. the completeness and purity of the catalogue used for number
count analysis, particularly at lower masses

The completeness and purity of the RM sample has been
confirmed at 𝜆 > 40 using the SPT galaxy cluster sample
(Grandis et al. 2021). In this work we are able to use X-
ray surveys and cross-matching to the DESY3 redMaPPer
optical catalogue (see Section 2.1) to probe the lower lambda
redMaPPer systems.

2. the mass and scatter of lower mass halos

Measuring masses for individual galaxy clusters directly is
inherently difficult and expensive (especially over relatively
shallow survey regions) and so A20 used stacked weak-lensing
data (see McClintock et al. 2018). However, in using stacked
data, information about the scatter of the observable versus
mass is lost. The bottom up hierarchical formation model al-
lows us to relate mass to more readily observable properties
such as X-ray temperature and luminosity via simple power
law relations. Further, cosmological hydrodynamical simula-
tions using first principles suggest the power-law slope and
scatter may be scale dependant (e.g., Le Brun et al. 2017;

Farahi et al. 2018; Anbajagane et al. 2020). By considering
the scatter and evolution of these scaling relations, we can
re-introduce the lost scatter into the mass-calibrations and
cosmological models can be constrained.

Currently, there are no all-sky X-ray surveys to significant and con-
sistent depth, making cross-correlation analysis between X-ray and
optical studies difficult, particularly at higher redshifts and lower
richnesses. We note that, in the future, eROSITA (Predehl et al.
2021), which took first light in 2019, will create and release the
deepest, most detailed X-ray all-sky survey ever made having 30–50
times the sensitivity of the previous all-sky X-ray survey by ROSAT.
The few studies that consider the cross-correlation between optical
and X-ray surveys, either suffer from small overlapping contiguous
areas (e.g., Connelly et al. 2012, < 1 deg2), use cross-matches from
catalogues in non-contiguous regions (e.g., Farahi et al. 2019; Giles
et al. 2022b) or use targeted X-ray follow-up of optically selected
samples (e.g., Andreon et al. 2016), although again, across a non-
contiguous region. The most comparable study to this one in terms
of using serendipitous detections overlapping survey areas is Giles
et al. (2022a) which used XXL and GAMA. However, the sample in
Giles et al. (2022a) is limited in size by the spectroscopic selection
to ∼30 clusters and the sky coverage is only 14.6 deg2.

In this paper we overcome these shortcomings by using four con-
tiguous fields of XMM observations, totalling 57.4 deg2, within the
DES footprint. X-ray clusters are found using analysis performed
by the XMM Cluster Survey and for the optical dataset, we use the
redMaPPer cluster catalogue, derived from three years of DES ob-
servations . Compared to G22a who only used clusters designated as
C1 in the XXL catalogue, our sample area is ≈4 times larger (57.4◦
vs 14◦) and our cluster sample size is ≈11 times larger (341 vs 30).

The outline of the paper is as follows: In §2, the construction of
the samples used is detailed; §3 outlines the overlaps of the optically
selected and X-ray selected samples and explains the differences; §4
describes the methods used for recovering the X-ray observables and
the resultant sub-samples used for the scaling relations. §5 presents
the scaling relations and the fitted results. In §6, we briefly discuss low
signal-to-noise clusters and binning on our scaling relation results,
compare our results to analogous literature works and consider any
implications for samples derived from the Legacy Survey of Space
and Time. Finally, we summarise our conclusions in §7. Throughout
this paper we assume a cosmology of Ω𝑀=0.3, ΩΛ=0.7 and 𝐻0=70
km s−1 Mpc−1.

2 SAMPLES

In this section we describe how the optical and X-ray data were se-
lected and combined to form the basis of the samples used throughout
this work.

2.1 The Surveys and Catalogues

The optical data were taken from the DES, an optical survey cov-
ering approximately 5,000 square degrees of the Southern sky (the
DES footprint is highlighted in Figure 1 (top), given by the red shaded
region). Observations were made using a 570 megapixel camera, DE-
Cam (Flaugher et al. 2015), made up of 62 2048×4096 CCDs and 12
2048×2048 CCDs, mounted on the 4m Blanco telescope at the Cerro
Tololo Inter-American Observatory in Chile. Specifically, we make
use of the cluster catalogue generated by the red-sequence Matched-
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XCS tests of the DES Y3 redMaPPer Catalogue 3

.

Figure 1: (Top) XMM observations over the whole sky (black points) with the DES footprint highlighted by the red shaded region. We highlight
the survey regions used in this work, corresponding to XXL-North(N), XXL-South (S), ELAIS (E) and CDS (C). (Bottom) Outlines of the
footprints covered for each of the four corresponding contiguous regions, with the red points indicating the location of redMaPPer clusters
in the DES catalogue (with 𝜆 > 20 and 0.1 < 𝑧 < 0.9, see Sect. 2.3). Note: the 4 subplots are not to equal scale: N: 27 deg2; S: 23.7 deg2;
C: 4.6 deg2; E: 2.1 deg2

filter Probabilistic Percolation cluster finder algorithm1 (hereafter
redMaPPer, Rykoff et al. 2014; Rykoff et al. 2016), run on the DES

1 version 6.4.22+2_lgt5_vl50

Year 1 - Year 3 data (hereafter DESY3, Sevilla-Noarbe et al. 2021).
redMaPPer iteratively calculates photometric redshifts for proba-
ble clusters by self-training the red sequence model and assigning
a characteristic richness (𝜆) based on the sum of the probabilities

MNRAS 000, 1–27 (2023)



4 E.W. Upsdell et al.

Region Area RM Clusters XMM RM Density Median X-Ray
(deg2) (𝜆 >20) Observations (clusters deg−2) Exposure Time (ks)

N-XXLNorth 27 337 375 11.5 10.8
S-XXLSouth 23.7 180 276 7.6 8.7
C-CDS 4.6 30 107 6.5 30
E-ELAIS 2.1 29 37 9.5 28

Table 1: The four contiguous regions comprised of XMM observations falling within the DES footprint (see Fig. 1). Median exposure time is
given for all clusters at the redMaPPer location.

of membership for all galaxies within a scale radius, R𝜆, where
R𝜆 = 1.0ℎ−1Mpc(𝜆/100)0.2.

The XMM Cluster Survey (hereafter XCS, Romer et al. 1999) is
a serendipitous survey of XMM-Newton observations (see Figure 1,
top-plot, black points) with the primary aim of detecting galaxy
clusters. XCS pipelines process and clean all publicly available ob-
servations from the XMM Science Archive (Arviset et al. 2002),
with the ultimate aim of finding galaxy clusters.

2.2 The Sky Regions Used

In this work, we make use of four large contiguous fields that have
complete X-ray coverage from XMM, within the DES footprint. The
four regions are shown in Figure 1. The two larger contiguous regions
are the XXLNorth and XXLSouth regions (denoted as N and S in
Figure 1 respectively) that form the basis of the XXL Survey (Pierre
et al. 2016). The two smaller regions, CDS and ELAIS (denoted
C and E in Figure 1 respectively), are part of the extended SERVS
survey (Mauduit et al. 2012). Within the outline of the footprints in
Figure 1, the location of redMaPPer cluster detections with 𝜆 >20
are given by the red points (see Sect. 2.3). Details of the regions
are outlined in Table 1. In total, the regions constitute 57.4 deg2 of
contiguous overlap between the DES and XCS observations although
it is noted that the median X-ray exposure times at the redMaPPer
cluster locations within the survey regions is 3 times greater in CDS
and ELAIS than in XXL.

2.3 The Optical Sample

Within the 57.4 deg2 of the four contiguous regions, the full redMaP-
Per catalogue (𝜆 > 5) contains 9,792 entries. We designate this sam-
ple set as RMall and use this sample when considering the complete-
ness of the X-ray selected sample (see Section 3). For the purpose
of creating the optical sample used to derive scaling relations (see
Section 4), we cut this catalogue by both richness and redshift. First,
we set a minimum 𝜆 limit of 20 for two reasons:

(i) to be consistent with the DES cluster cosmology analysis (Abbott
et al. 2018);

(ii) it is likely that only a small fraction of 𝜆 <20 clusters would be
detected in our current X-ray data, leading to a large amount of
incompleteness (especially at high redshifts, see Sect. 3).

This results in a sub-sample of 576 cluster entries. We then make
a further cut to confine the redshift range between 0.1 < 𝑧 < 0.9.
This leaves a final redMaPPer optical candidate list of 469 potential
clusters, which we designate as RMcut.

We then use XCS’s image processing suite OCTAVIUS (Object
Classification Tools for Astronomy Images and VIsUaliSation) to
confirm, or otherwise, the presence of an XCS extended source in

the corresponding XMM observation. The process is similar to that
as undertaken in Giles et al. (2022b, hereafter G22b). Briefly, we
matched each redMaPPer cluster to its nearest XCS X-ray coun-
terpart within 2 ℎ-1 Mpc (based on the redMaPPer redshift). This
was chosen to encapsulate the entire range of mis-centering between
redMaPPer and xapa centroids (see Zhang et al. 2019). Each poten-
tial match is visually inspected to confirm whether the XCS extended
source is likely physically associated with the redMaPPer cluster in
question (see Appendix A for examples). After visual inspection, 178
redMaPPer clusters are retained for having a viable counterpart in the
XCS catalogue. We designate the sample of 178 confirmed redMaP-
Per clusters as RMXCS. The remaining 291 redMaPPer clusters are
unmatched to an X-ray extended source. These are discussed further
in Section 3.3.

2.4 The X-ray Sample

The original X-ray data reduction process is fully described in Lloyd-
Davies et al. (2011, hereafter LD11), with updates described by
G22b. Briefly, the data were processed using XMM-SAS version
14.0.0, and events lists generated using the EPCHAIN and EM-
CHAIN tools. Periods of high background levels and particle con-
tamination were excluded using an iterative 3𝜎 clipping process
performed on the light curves with time bins falling outside this
range excluded. Single camera (i.e. PN, MOS1 and MOS2) images
and exposure maps were then generated from the cleaned events files,
spatially binned with a pixel size of 4.35′′. The images and exposure
maps were extracted in the 0.5 – 2.0 keV band, with individual cam-
era images and exposure maps merged to create a single image per
XMM observation.

Following reduction, the resultant images are run through the XCS
source detection routine, the XCS Automated Pipeline Algorithm
(xapa, see LD11), based upon a bespoke wavdetect (Freeman et al.
2002) analysis, to detect both point-like and extended sources. xapa
collates unique entries into a Master Source List (MSL) which is our
starting X-ray detection catalogue. Over the 57.4 deg2 of the four con-
tiguous regions, there are 25,213 sources in the MSL of which 1,987
are classified as extended sources. When a large extended source
is found across multiple XMM observations, xapa can accidentally
identify the same cluster twice as distinct objects. We remove these
duplicates leaving 1,972 extended sources, which we designate as the
XCSext sample. Using OCTAVIUS, we visually inspect each X-ray
extended source against its corresponding contrast enhanced DES
image to confirm the presence of an overabundance of red galaxies
(see Appendix A for image examples). Following this visual inspec-
tion process, we produce a list of 341 clusters that are X-ray selected
and optically confirmed. We designate this sample XCSopt. Although
XCSopt represents only 17% of the 1,972 extended candidates, xapa
classifies many point spread function sized detections as extended

MNRAS 000, 1–27 (2023)
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sources when they are often AGN. Hence why all classifications are
visually inspected.

3 CROSSMATCHING THE redMaPPer AND XCS SAMPLES

In this section, we investigate the overlap of the optical and X-ray
selected samples described in Sections 2.3 and 2.4. In 3.1 and 3.2,
we consider how much of the redMaPPer catalogue is covered by
the XCS catalogue and vice-versa. We discuss potential unmatched
clusters in Section 3.3.

3.1 X-ray to Optical Matching

As shown in Section 2.3, there are 469 clusters in the RMcut sam-
ple, but only 178 in the RMXCS sub-sample. We find 38% of the
RMcut sample (see Section 2.3) are matched to an X-ray counterpart.
The main driver in finding an X-ray cluster detection is the clus-
ter’s X-ray flux (and additionally on the distribution of that flux). We
therefore investigate two properties of a cluster that have a bearing
on the cluster flux, namely the richness (as a proxy for mass) and red-
shift. Additionally, we investigate the effective exposure time of the
observation. Effective exposure time is calculated by adjusting raw
exposure time with correction factors including telescope’s effective
area, field of view and background radiation to accurately measure
the amount of X-ray photons collected and decreases as a function
of off-axis position on the XMM detector. Since the clusters can fall
anywhere on the detector due to the survey nature of the observa-
tions, the effective exposure time is a property of interest to explore.
One can assume that in most cases higher richnesses, lower redshifts
and greater exposure times will all increase the likelihood of detec-
tion. Figure 2 highlights these distributions through histograms of
richness (top plot), redshift (middle plot) and exposure time (bottom
plot). We note the wide range of exposure times despite these being
survey regions which is due to 3 reasons: 1/ although smaller than the
XXL regions, the CDS and ELAIS regions are about 3 times deeper
(based on median exposures, see Table 1), 2/ the off-axis location of
the serendipitously detected clusters and 3/ there have been a num-
ber of specific deep observations outside of the original surveys as
illustrated by the example mosaic exposure map of XXLsouth shown
in Figure 3.

As expected, the trends clearly show that as a function of decreas-
ing richness, increasing redshift and decreasing exposure time, the
crossmatch success of the sample is reduced. 95% of redMaPPer
clusters with a � above 60 are matched to an X-ray source (22 clus-
ters) and all redMaPPer clusters with � > 70 are recovered, although
we note this complete sample is small (only 11 clusters). In contrast,
for � < 30, only 25% of redMaPPer clusters have a corresponding
X-ray detection.

We explore further whether these properties are intrinsically linked
in terms of the likelihood of detection. As shown in Figure 4, there
is a large number of high redshift clusters with short exposure obser-
vations at these lower richnesses. This observation correlates with
the expectation from the cluster mass function that we should see
a greater number of lower mass clusters but our current X-ray sur-
veys are not sensitive enough to detect them across the full DES
redMaPPer redshift range.

3.2 Optical to X-ray Matching

While we have shown that the X-ray selected sample does indeed suf-
fer from a low level of matches with the optical sample (especially

Figure 2: Stacked histograms of redMaPPer clusters with (orange)
and without (blue) an X-ray counterpart as a function of Richness
(Top), Redshift (Middle) and XMM effective exposure time (Bottom).

at low richnesses and high redshifts), it is also necessary to confirm
whether the redMaPPer catalogue detects all known X-ray clusters.
To do this we consider the X-ray sample XCSopt (see Section 2.4),
which is the sample of X-ray extended sources with a visually con-
firmed overabundance of red galaxies in the DES imagery. As there
are no redshift or richness values associated with this X-ray data set,
we use redMaPPer in “scanning mode” to probe them. In “scanning
mode”, redMaPPer takes the position of the X-ray centroid as a prior
and determines the likelihood of there being a cluster at a grid of red-
shifts within a projected distance of 500ℎ−1 kpc. It then considers the
maximum likelihoods and returns a redshift and richness property

MNRAS 000, 1–27 (2023)



6 E.W. Upsdell et al.

Figure 3: Composite mosaic of the exposure maps of XMM obser-
vations in the XXLsouth region. Brighter areas show regions with
multiple exposures

Figure 4: (Redshift vs Richness scatter distribution for confirmed
(orange) and unconfirmed (blue) clusters. Size of bubble relates to
observation exposure time - larger=longer

for each cluster, if one is found. Of the 341 scanned X-ray clusters,
31 lie in sky regions that have been masked out in DES. Regions
are masked out of DES images for reasons such as a bright star or
a CCD artefact that renders the area unusable for scientific analy-
sis. redMaPPer returns a mask fraction (MASKFRAC) for each sky
location that shows how much of the 500kpc region is affected. We
ignore any entry that has a MASKFRAC greater than 20% and and
these are therefore removed from further analysis. Of the remaining
310 clusters:

• Using the default parameters of � > 20 and 0.1 < � < 0.9, the 177
clusters from the RMXCS sample are directly matched. (The reason
this is not the full 178 clusters from the RMXCS sample is because
redMaPPer optically detects 2 clusters along the line of sight at 2
different redshifts whereas XCS only catalogues 1 X-ray extended
source at this location).
• Expanding the parameter space to be unconstrained, we use the
kdtree algorithm from Python’s scikitlearnmodule to find clos-

est neighbours between the redMaPPer scanned X-ray centres and
redMaPPer catalogue entries that fulfill the following criteria: (1)
the distance between the centres is <3 arcminutes; (2) the richness
difference is <30% and (3) the redshift difference is <10%. Thus, a
further 94 clusters are directly matched.

This leaves 39 X-ray cluster candidates without a direct match in
the redMaPPer catalogue based on the conditions above. Of these
remaining candidates:

• Likely matches

– 7 pairs agree on location and redshift but have a � difference
greater than 30% between the scan and the catalogue

– 3 pairs agree on location and � but have a redshift difference
greater than 10% between the scan and the catalogue

• Do not match

– 13 high redshift systems (� >0.92) found in the scan are not in
the redMaPPer catalogue (see Appendix A for images)

– 11 sources were not found by the redMaPPer scan, i.e. redMaPPer
cannot determine a cluster’s presence and therefore returns null
values for richness and redshift. Visual inspection suggests these
sources are likely high redshift and thus outside the functioning
limits of redMaPPer. (See Appendix A for image examples.)

– 4 clusters found in the scan are not in the redMaPPer cata-
logue. They are low richness (� = 5.95, 9.23, 15.26, 13.93) sys-
tems across a wide range of redshifts (� = 0.09 to � = 0.34).

Figure 5 shows these results as scatter points within the red-
shift/richness parameter space. The blue box bounds the parameter
constraints placed on the RMXCS sample and all matched clusters
are highlighted in blue. The unmatched clusters are shown in red and
clusters that match on location but with a difference in redshift or
richness are shown as black and orange dots respectively.

We can therefore state that, based on the matching process outlined
above, the redMaPPer Y3 catalogue is fully matched to the XCS
catalogue above � >20 and within 0.1 < � < 0.9 (i.e. the redMaPPer
catalogue recovers all X-ray clusters within these limits).

3.3 redMaPPer Clusters Undetected in X-ray Observations

In this section, we investigate further why there are 291 redMaPPer
clusters, with � > 20, undetected by the current X-ray observa-
tions (see Section 2.3). We do this by comparing the required XMM
exposure time needed to achieve a minimum of 20 counts and a
signal-to-noise (SNR) ratio of at least 3, versus the actual exposure
times of the observations used. We note that, for this exploratory test,
we are only assuming the use of the PN camera (to match estimates
of the SNR of the detected cluster, see Section 6.1.2). These SNR and
count values were chosen as a cut-off because 85% of the detected
redMaPPer clusters (i.e., the RMXCS sample) have an SNR> 3 (see
Sect. 6.1.2) and 85% had at least 20 PN counts. However, in running
the analysis below, it became clear that, for this sample, the count
criteria is dominant as the SNR was always greater than 3. (Here-
after, “SNR> 3 and counts> 20” are referred to as “the detection
criteria”). To estimate the required exposure time for each cluster, we
use the following process: we estimated the X-ray luminosity based
upon the redMaPPer measured �, using the best-fit luminosity-� re-
lation for the RMscaling sample including Upper Limits presented in
Section 5.2.2 (note for this test we ignore the uncertainties on the
relation). Using the redMaPPer determined redshift, this luminos-
ity is converted into an expected flux. Then, using the HEASARC

MNRAS 000, 1–27 (2023)
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Figure 5: The distribution of redshift and richness of the 310 clusters in the X-ray selected cluster sample (see section 3.2). The values were
determined using redMaPPer in scanning mode at the position of the Xapa centroid. Blue dots also have a counterpart in the optically selected
cluster sample (see section 2.3) with consistent redshift and richness values (i.e. (1): the distance modulus of the centres is <3 arcminutes, (2):
the richness modulus is <30% and (3): the redshift modulus is <10% ). Orange (Black) stars indicate clusters that also have a counterpart,
but the richness (redshift) values are inconsistent. Red triangles indicate clusters that only appear in the X-ray selected sample. The blue box
bounds the parameter constraints placed on the RMXCS sample (� > 20 and 0.1<z<0.9)

PIMMS2 software and assuming an apec model, with the same pa-
rameters we use in Section 4.1, we convert the flux into an XMM
PN count rate assuming the redMaPPer redshift and a temperature
estimated from the best fit temperature-richness relation given in
Section 5.2.2 (again using the input � values). To account for the
background, we use the existing XMM observations and determined
the background rate within an annulus 1.05-1.5× r500 centred on the
redMaPPer centroid in order to be consistent with the X-ray analysis
methods used throughout this paper. Values of �500 were estimated
assuming Equation 1, with the temperature estimated again from the
best-fit temperature-� relation. (We were unable to estimate a reliable
background for 15 clusters due to their close proximity to the edge of
the field-of-view.) Finally, we estimated the required minimum ex-
posure time (Expreq) needed to “detect” the cluster whilst fulfilling
the above detection criteria.

In order to determine whether a cluster is considered “detectable”,
we subtract the estimated required exposure times from the effective
exposure time of the XMM observation, Expeff (estimated at the

2 https://heasarc.gsfc.nasa.gov/docs/software/tools/pimms.
html

location of the redMaPPer cluster and assuming an average exposure
within the r500 region). Figure 6 shows the distribution of these time
differences, with red bars indicating clusters with observations that
should be long enough to detect them (i.e., Expreq<Expeff); green
bars indicate those clusters with observations that were not long
enough to detect the respective clusters. For example, if an estimated
exposure time of 15 ks is required to meet the detection criteria but
the existing exposure time of the XMM observation at that location
was only 10 ks, it would appear in the +5ks bar (as a green bar in
the distribution). Based upon this analysis, there are 113 clusters
(≈43%) in Figure 6 where the actual observation exposure times are
not sufficient to fulfil the detection criteria, and we would not expect
to detect them. Conversely, there are 163 clusters where the current
exposure times should be sufficient to detect a cluster. Therefore, we
need to explore whether not detecting these clusters is a concern.

One reasonable explanation is that these undetected clusters are
less luminous for their given richness than the luminosities estimated
from the best-fit scaling relation. This is plausible given the detected
clusters used to generate the best-fit luminosity-� relation shows
significant scatter around the mean. Therefore, we shifted the scaling
relation best-fit line to the 1�, 2� and 3� scatter boundaries and
re-ran the above analysis for each to show how many clusters would
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Figure 6: Histogram showing the distribution of how many extra
seconds of exposure time would be required to detect a minimum
of 20 PN counts with a SNR> 3 for the 276 redMaPPer clusters
with a retrieved background estimate that are not confirmed by X-ray
(see Sect. 3.3). Red bars to the left of zero indicate the 163 clusters
with a current effective exposure time long enough to meet the same
detection criteria assuming our best-fit Luminosity-� (including Up-
per Limits) scaling relation and background estimates. Green bars to
the right show the extra time in ks that would be required to fulfil
the same criteria for the remaining 113 clusters based on our best-
fit scaling relations and with background estimates taken from the
respective XMM observation.

become undetectable if their luminosity was at each scatter band. The
distributions are illustrated in Figure 7. As shown, moving through
the sigma channels, more clusters become undetectable and at the
3� limit all but one cluster are undetectable. On visual inspection,
although the X-ray emission appears to be extended, this cluster is
classified as a point source by XAPA. The cluster falls very close to
a PN chip gap and visually has a peaked emission profile, possibly
leading to the point source classification by XAPA.

Thus, using the method outlined in this section, we have shown
it is plausible that all 158 redMaPPer clusters that are deemed “de-
tectable” (when assuming the best-fit scaling relation and available
X-ray observations) but were not detected in the XMM X-ray ob-
servations become “undetectable” within 3� of this best-fit scaling
relation. Therefore we should not be concerned at failing to detect
these clusters given the observation exposure times available to us.
It should be noted that we cannot rule out the possibility that the
redMaPPer richness values may be overestimated which would, via
the scaling relation, infer an higher than actual X-ray luminosity for
a cluster. It is clear that deeper X-ray data is needed for a complete
sample of clusters (including the current non-detections), along with
a well understood selection function, to truly understand both the
completeness and properties of redMaPPer selected clusters.

4 X-RAY ANALYSIS

4.1 Recovering X-ray temperature and luminosities

We use the XCS Post Processing Pipeline (XCS3P) to extract X-ray
temperatures and luminosities from XMM observations. A detailed
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Figure 7: As per Figure 6 but with the scaling relation best-fit line
moved to the 1� (top), 2� (middle) and 3� (bottom) channel bound-
aries. Using the 1� channel, 88 clusters remain “detectable”, for
the 2� channel, 20 clusters remain “detectable” and within the 3�
channel only 1 cluster should be “detectable” and this is explained in
Section 3.3.
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description of XCS3P can be found in LD11, with recent improve-
ments described in G22b. A brief overview of the process is detailed
below.

Cluster spectra are extracted using the SAS tool evselect. Spectra
are extracted within an iteratively determined radius of r500

3 (see
Section 3.1.1 of G22b). Using the relation given in Arnaud et al.
(2005), r500 is estimated from the X-ray temperature (𝑇𝑋 ), using the
equation:

𝐸 (𝑧)𝑟Δ = 𝐵Δ

(
𝑇X

5 keV

)𝛽
, (1)

where 𝐸 (𝑧)=
√︁
Ω𝑀 (1 + 𝑧)3 +ΩΛ. For 𝑟500, 𝐵500=1104 kpc and

𝛽=0.57. Iterations are performed until r500 converges to within 10%
of the previous iteration, with a minimum requirement of 3 itera-
tions. If no convergence is achieved after 10 iterations, the process is
stopped and no X-ray properties are obtained.

xspec (Arnaud 1996) is used to fit the spectrum with an absorbed
APEC (Smith et al. 2001) model, accounting for the elemental lines
in the hot diffuse gas. The absorption is taken into account with a
multiplicative Tbabsmodel (Wilms et al. 2000), with the absorption
(𝑛𝐻) fixed at a value estimated from HI4PI Collaboration et al.
(2016), determined at the coordinates of the cluster. xspec fits are
performed in the 0.3-7.9 keV band using a fixed abundance of 0.3 𝑍�
(as the typical value for the intracluster medium used in the relevant
literature e.g., Kravtsov & Borgani 2012) and the redshifts are as
per the RM scan. Note, we do not assign any uncertainties to the
redshift as these are insignificant in the fit (the typical error on the
redMaPPer photometric redshift is≈1%). The APEC temperature (𝑇X)
and normalisation are then free to vary to find the best fit. Finally,
luminosities (𝐿X) are estimated using the xspec LUMIN command
in both the bolometric (𝐿𝑋,𝑏𝑜𝑙) and soft (0.5-2.0 keV) bands (𝐿𝑋,52).
While we include the enhancements as detailed in G22b, we note here
a further change used in this analysis. The binning of spectra for use
in the xspec fits performed above uses the ftgrouppha command
(as opposed to grppha used in XCS3P), with the "optimised binning"
parameter4.

4.2 Samples used for recovering temperatures and luminosities

4.2.1 The optical sample

Starting with the RMXCS sample (see Sect. 2.3) and using the process
outlined above, XCS3P recovered 135 temperatures and luminosities.
Of the 43 clusters that failed to return 𝑇𝑋 or 𝐿𝑋 values, 27 failed
during the iteration process before the required minimum 3 iterations
completed; a further 16 failed to converge after 10 iterations. Addi-
tionally, we removed clusters where the average 𝑇𝑋 errors bars were
greater than 50% of the central value (removing a further 12). We
also remove 3 clusters that had a coefficient of variation>0.5 where
the coefficient of variation is defined as the ratio of the standard
deviation to the mean. The final sample used for fitting the scaling
relations is 120 clusters, designated as the RMscaling sample.

4.2.2 The X-ray sample

We use the XCSopt sample of 341 clusters (Section 2.4) but remove
the 27 clusters for which redMaPPer was unable to assign a redshift.

3 r500 is the radius at which the density of the cluster is 500 times the critical
density of the Universe
4 Following private communication with K.Arnaud, author of xspec

We therefore pass 314 clusters to the XCS3P pipeline. Using the pro-
cess outlined above, XCS3P recovers 239 temperatures and luminosi-
ties. For the 75 clusters that failed to return𝑇𝑋 or 𝐿𝑋 values, 59 failed
during the iteration process before the required minimum 3 iterations
completed; 16 failed to converge after 10 iterations. Furthermore, 29
clusters had 𝑇𝑋 errors bars greater than 50% of the central value and
are therefore removed. Another 3 clusters are removed due to exten-
sive variation in the temperature fit as measured by the coefficient
of variance. Furthermore, during the initial eyeballing process, 21 of
these clusters were highlighted as being potentially affected by chips
gaps, low counts or dominant point sources affecting the XAPA re-
gion. Although these clusters ran through the XCS3P process, we are
not confident in the temperature or luminosity outputs. Therefore, we
remove these clusters entirely from the scaling relation fit; however,
they are retained on the scaling plots for reference circled in red (e.g.
Figure 8) and it should be noted that many are not outliers suggesting
we have been overly cautious. Finally, we remove the 3 clusters that
returned a redshift in scanning mode > 10% than the catalogue value
(see section 3.2) but again leave these on the plot highlighted in red.
We designate this final sample of 184 clusters as XCSscaling.

For the scaling relations involving richness, we exclude a further
10 clusters from the fit, but again, retain these on the plot for reference
highlighted by black circles. 6 of these 10 clusters are because they
have a 𝑀𝐴𝑆𝐾𝐹𝑅𝐴𝐶 > 0.20 and the other 4 are removed from the fit
because the richness measured for the X-ray cluster in scanning mode
differs from the matched catalogue entry by > 30% (see section 3.2).
We therefore use 174 clusters from the XCSscaling sample for scaling
relations involving richness.

4.2.3 Luminosity Upper Limits

For the 291 optically detected clusters in RMcut with no matched
XCS source, we estimate upper limit luminosities using the same
methodology as G22b (see Section 3.3 of that paper). Briefly, we
estimate an initial 𝑟500 using a fixed temperature of 3 keV in Equa-
tion 1. This is chosen to avoid introducing any bias from estimating
temperature from the 𝑇X −𝜆 relation, given temperature is correlated
to luminosity. We measure a 3𝜎 count rate upper limit using the SAS
tool eregionanalyse and convert the count rate upper limit to a
flux. This is done using an energy conversion factor again assuming
a fixed temperature of 3 keV and the redMaPPer estimated redshift.
This flux is then converted to an upper limit. While these upper limits
are a simplistic estimate (the initial count rate estimate from eregion-
analyse does not assume cluster emission), they qualitatively follow
a similar distribution to the analysis presented in Section 3.3 (which
presents a more detailed analysis of undetected redMaPPer clusters
in our X-ray data).

5 SCALING RELATIONS

Here, we present the measured scaling relation between X-ray lumi-
nosity and X-ray temperature (𝐿𝑋 -𝑇𝑋 ) and between the X-ray prop-
erties and the optical observable, 𝜆 (𝑇𝑋 -𝜆 and 𝐿𝑋 -𝜆). We assume
self-similarity (Kaiser 1986) and note that the analysis presented
herein does not account for selection biases (namely, Eddington and
Malmquist) but these will be explored in a future paper when a simu-
lation based XCS selection function is well established. The scaling
relations presented should be considered with this in mind.
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10 E.W. Upsdell et al.

5.1 Fitting the data

We fit the data using the LIRA (LInear Regression in Astronomy,
see Sereno (2016) for further details on the LIRA) package (in R).
Each scaling relation is fitted with a power-law of the form

𝑌 = 𝐴 + 𝐵 · 𝑍 ± 𝜖 (2)

where var(𝜖) = 𝜎2
𝑌 |𝑍 and 𝑍 is the intrinsic cluster property. For

simplicity, the scaling relations are denoted by the cluster properties
in question and the scatter given by 𝜎 (for example, see Equation 3).

For the 𝐿𝑋 -𝑇𝑋 relation, we fit the data using a power law relation
between 𝐿𝑟500

𝑋,𝑏𝑜𝑙
and 𝑇𝑋 , expressed as:

log

(
𝐿𝑟500
𝑋,𝑏𝑜𝑙

𝐸 (𝑧)𝛾𝐿𝑇 𝐿0

)
= log(𝐴𝐿𝑇 ) + 𝐵𝐿𝑇 log

(
𝑇𝑋

𝑇0

)
± 𝜎𝐿 |𝑇 , (3)

where 𝐴𝐿𝑇 denotes the normalisation, 𝐵𝐿𝑇 the slope and 𝜎𝐿 |𝑇 the
intrinsic scatter. 𝛾𝐿𝑇 is the evolution with redshift and is set equal
to 1 as per the self-similar expectation. Note that the intrinsic scatter
is given in natural log space and can be interpreted as the fractional
scatter. Normalisation values were set to 𝐿0=0.7×1044 erg s−1 and
𝑇0=2.5 keV, roughly median values of the samples.

For the 𝐿𝑋 -𝜆 relation, we fit the data using a power law relation
expressed as:

log

(
𝐿𝑟500
𝑋,52

𝐸 (𝑧)𝛾𝐿𝜆𝐿0

)
= log(𝐴𝐿𝜆) + 𝐵𝐿𝜆log

(
𝜆RM
𝜆0

)
± 𝜎𝐿 |𝜆, (4)

where 𝐴𝐿𝜆 denotes the normalisation, 𝐵𝐿𝜆 represents the slope and
𝜎𝐿 |𝜆 denotes the intrinsic scatter (once again the values are given
in natural log space). 𝛾𝐿𝑇 is set equal to 2 as per the self-similar
expectation. The values of L0 and 𝜆0 were set as 0.7×1044 erg s−1

and 60 respectively.
For the 𝑇𝑋 -𝜆 relation, we fit the data using a power law relation

expressed as:

log

(
𝑇𝑟500
𝑋

𝑇0

)
= log(𝐴𝑇 𝜆) + 𝐵𝑇 𝜆log

(
𝜆RM
𝜆0

)
± 𝜎𝑇 |𝜆, (5)

where 𝐴𝑇 𝜆 denotes the normalisation, 𝐵𝑇 𝜆 represents the slope and
𝜎𝑇 |𝜆 and denotes the intrinsic scatter (once again the values are given
in natural log space). 𝛾𝐿𝑇 is set equal to 2/3 as per the self-similar
expectation. For a wide range of redshifts, the quantity 𝐸 (𝑧)−

2
3𝑇

should be a closer reflection of halo mass, M, than temperature alone
(Farahi et al. 2019). The values of T0 and 𝜆0 were set as 2.5 keV and
60 respectively.

5.2 Fitted scaling relations

5.2.1 The Lx-Tx relation

The 𝐿𝑋 -𝑇𝑋 relation for the XCSscaling sample is shown in Figure 8
(top), given for 𝐿𝑟500

𝑋,𝑏𝑜𝑙
. We also consider the changes in the scaling

relation as a function of richness using three different richness bins:
5<𝜆<20, 20<𝜆<40 and 𝜆>40 (Figure 8 bottom left, middle, right
respectively). The best fit for each sample is represented by the solid
black line and the grey channels represent 1𝜎, 2𝜎 and 3𝜎 residual
scatter. The best fit line for the optically selected sample (RMscaling)
is shown by the dashed blue line. Those clusters that are excluded
from the fit (see section 4.2.2) are circled in red. We have tested
the fit inclusive of these clusters and, as they are not significant
outliers, their exclusion does not make a significant difference to the
fit parameters. Dark blue points are X-ray clusters with a counterpart

in the RMcut sample. Light blue points are X-ray clusters without a
counterpart in RMcut sample. Best fit parameters for each sub-sample
are given in Table 2. To allow easier comparison to other works,
Table 2 also includes fitted values for the 0.5-2.0 keV energy band
(i.e., 𝐿𝑟500

𝑋,52). The slope of the 𝐿𝑟500
𝑋,𝑏𝑜𝑙

-𝑇𝑋 relation for XCS𝑠𝑐𝑎𝑙𝑖𝑛𝑔
is consistent with previous studies (e.g., Pratt et al. 2009; Eckmiller
et al. 2011; Lovisari et al. 2020; Bahar et al. 2022; Giles et al.
2022b). However, we find some tentative evidence that the slope
of the 𝐿𝑟500

𝑋,𝑏𝑜𝑙
-𝑇𝑋 relation is steeper when limiting the sample to

lower richness (i.e. lower mass) clusters. See section 6.1.1 for further
discussion. We note that the inclusion of the additional 88 clusters
with 𝜆 < 20 in the full X-ray sample (XCSscaling) compared to the
optical sample (RMscaling) does not significantly alter the 𝐿𝑟500

𝑋,𝑏𝑜𝑙
-𝑇𝑋

relation.

5.2.2 The Tx-𝜆 and Lx-𝜆 relations

The X-ray selected 𝑇𝑋 − 𝜆 relation is shown in Figure 9 and the
𝐿𝑟500
𝑋,52 − 𝜆 relation is shown in Figure 10 (left). For completeness,

we also show the 𝐿𝑟500
𝑋,52 −𝜆 relation for the optically selected sample

with upper limits for non-detections as described in section 4.2.3. In
both Figure 9 and Figure 10, we again highlight clusters that have
been excluded from the fit due to uncertain luminosity or tempera-
ture measurement (red circled points). Additionally, clusters with an
uncertain 𝜆 are circled in black and excluded from the fit (see Section
4.2.2). The best-fit parameters for each relation are given in Table 2.

As found in other studies (e.g., G22b), the residual scatter in the
𝐿𝑋 − 𝜆 relation is more than 3 times that of the 𝑇𝑋 − 𝜆 relation al-
though this is consistent with the differing slopes. The slopes for both
relations are statistically similar to G22b but the measured scatter of
the 𝐿x −𝜆 relation in this study is somewhat smaller (0.80± 0.02 vs.
1.07 ± 0.06 in G22b). It is worth noting that when considering only
the serendipitous sub-sample from G22b, our scatter is remarkably
similar for the 𝐿X − 𝜆 relation (0.80 ± 0.02 vs 0.79 ± 0.08). This
should be expected given our sample is selected from survey regions
(i.e., they are all serendipitously detected) and shows the possibility
of creating larger samples from serendipitous X-ray cluster detec-
tions in the full XCS catalogue. We note that this is predicated on the
assumption that the serendipitous population should have a selection
function that is easier to model, in comparison to archival targeted
samples. Creating larger serendipitous XMM samples is of particu-
lar importance with upcoming large area surveys (e.g. the Vera C.
Rubin Observatory’s upcoming Legacy Survey of Space and Time)
and their overlap with the XMM archive (see Sect. 6.3). As shown
in G22b, simply matching clusters detected in an incomplete archive
leads to differences between the measured scaling relations between
XMM targeted and serendipitously detected clusters. If we are able to
use serendipitously detected clusters, a wealth of previously unused
sources becomes available for study.

Finally, we compare the 𝑇𝑋 −𝜆 relation found here to that found in
Farahi et al. (2019, hereafter F19). F19 used the redMaPPer cluster
catalogue constructed from one year of DES observations to probe
the 𝑇𝑋 −𝜆 relation. The redMaPPer catalogue in F19 was matched to
all available XMM data to measure X-ray properties for their clusters.
Hence, the sample contained a mix of clusters specifically targeted
by XMM and those found serendipitously (similar to the analysis of
G22b). Due to the unknown selection of targeted clusters in archival
data, it is an important point of comparison to our work to investigate
any systematic effects introduced by the inclusion of these clusters.
We find that the slope and residual scatter of the RMscaling sample is
consistent with that of F19 (see their Table 2 for best-fit parameters

MNRAS 000, 1–27 (2023)



XCS tests of the DES Y3 redMaPPer Catalogue 11

0.01

0.10

1.00

10.00

1 3 10
TX (keV)

E(
z)

−1
 L

x,
bo

l
r5

00
 (1

044
er

g
s−1

)

0.01

0.10

1.00

10.00

1 3 10
TX (keV)

E(
z)

−1
 L

x,
bo

l
r5

00
 (1

044
er

g
s−1

)

0.01

0.10

1.00

10.00

1 3 10
TX (keV)

E(
z)

−1
 L

x,
bo

l
r5

00
 (1

044
er

g
s−1

)

0.01

0.10

1.00

10.00

1 3 10
TX (keV)

E(
z)

−1
 L

x,
bo

l
r5

00
 (1

044
er

g
s−1

)

(a): XCS-DES5−20 (b): XCS-DES20−40 (c): XCS-DES40+

Figure 8: Luminosity-Temperature (�X − �X) relations in different richness bins. These were derived from the XCSscaling sample (see
section 4.2.2). Dots in dark (light) blue represent clusters from XCSscaling with (without) a match in the optical catalogue (with � > 20 and
0.1 < � < 0.9). The best fit and the corresponding 1, 2, 3 � regions for each relation are shown by the black line and the dark, medium, and
light grey regions respectively. Dots circled in red are included for completeness, but were not included in the �X − �X (see section 4.2.2 for
details of the fitting procedure). The dark blue dashed line is the best fit for the RMXCS sample. Top: XCS-DES��� . Bottom (a):XCS-DES5−20.
(b) :XCS-DES20−40. (c) XCS-DES40+.
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Figure 9: The Temperature-Richness (�X−�) relation of the XCSscaling sample. Points in dark (light) blue represent clusters from the XCSscaling
sample with (without) a match in the optical catalogue (with � > 20 and 0.1 < � < 0.9). The best fit line is given by the black solid line and
the corresponding 1, 2, 3 � residual scatters are shown by the dark, medium, and light grey regions respectively. Points highlighted in red
(indicating an unreliable X-ray value) and black (indicating an unreliable richness value), are excluded from the fit (see section 4.2.2 for details
of the fitting procedure).
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Figure 10: Luminosity-Richness ((Left): ��500
�,52 − �) relation for the XCSscaling sample. (Right): ��500

�,52 − � relation for the RMscaling sample,
including 291 upper limit luminosities (see Section 4.2.3 for details) for undetected clusters (given by the black points with downward arrows
for the ��500

�,52 limit). See Figure 9 for further caption details.
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Relation Normalisation Slope Residual scatter Cluster Count Fitted Points
(sample)

𝐿𝑟500
𝑋,𝑏𝑜𝑙

− 𝑇𝑟500
𝑋

𝐴𝐿𝑏𝑇 𝐵𝐿𝑏𝑇 𝜎𝐿𝑏𝑇

XCS𝑠𝑐𝑎𝑙𝑖𝑛𝑔 0.94±0.05 2.79±0.11 0.43±0.02 208 184
XCS𝑠𝑐𝑎𝑙𝑖𝑛𝑔_5−20 1.15±0.22 3.27±0.31 0.49±0.04 62 55
XCS𝑠𝑐𝑎𝑙𝑖𝑛𝑔_20−40 0.92±0.1 2.27±0.5 0.42±0.04 86 72
XCS𝑠𝑐𝑎𝑙𝑖𝑛𝑔_40+ 0.97±0.11 2.61±0.26 0.38±0.03 60 57
RM𝑠𝑐𝑎𝑙𝑖𝑛𝑔 0.89±0.06 2.59±0.17 0.41±0.02 120 106

𝐿𝑟500
𝑋,52 − 𝑇𝑟500

𝑋
𝐴𝐿𝑏𝑇 𝐵𝐿𝑏𝑇 𝜎𝐿𝑏𝑇

XCS𝑠𝑐𝑎𝑙𝑖𝑛𝑔 0.36±0.02 2.41±0.12 0.46±0.02 208 184
XCS𝑠𝑐𝑎𝑙𝑖𝑛𝑔_5−20 0.44±0.08 2.9±0.31 0.51±0.04 62 55
XCS𝑠𝑐𝑎𝑙𝑖𝑛𝑔_20−40 0.34±0.04 1.71±0.49 0.48±0.03 86 72
XCS𝑠𝑐𝑎𝑙𝑖𝑛𝑔_40+ 0.38±0.04 2.16±0.25 0.4±0.03 60 57
RM𝑠𝑐𝑎𝑙𝑖𝑛𝑔 0.36±0.02 2.19±0.17 0.44±0.02 120 106

𝐿𝑟500
𝑋

− 𝜆RM 𝐴𝐿𝜆 𝐵𝐿𝜆 𝜎𝐿𝜆
X-ray selected 1.31±0.12 1.37±0.1 0.74±0.02 208 174

𝐿𝑟500
𝑋,52 − 𝜆RM 𝐴𝐿52𝜆 𝐵𝐿52𝜆 𝜎𝐿52𝜆

X-ray selected 0.51±0.04 1.22±0.09 0.67±0.02 208 174
Optically selected (inc UL) 0.57±0.05 1.5±0.14 0.58±0.02 404 383
Optically selected (exc UL) 0.56±0.05 1.49±0.14 0.58±0.02 120 106

𝑇𝑟500
𝑋

− 𝜆RM 𝐴𝑇 𝜆 𝐵𝑇 𝜆 𝜎𝑇 𝜆

X-ray selected 1.07±0.04 0.48±0.04 0.26±0.01 208 174
Optically selected 1.13±0.05 0.62±0.07 0.23±0.01 120 106

Table 2: Best-fit parameters for 𝐿𝑋 -𝑇𝑋 , 𝐿𝑋 -𝜆 and 𝑇𝑋 -𝜆 scaling relations given by equations 3, 4 and 5 respectively (see Sect. 5.1). For each relation,
parameters are given for the X-ray Selected (𝑇𝑋,𝑒𝑟𝑟 < 50% and 0.1≤z≤0.9) cluster sample. 𝛾 is set to 1 for all the 𝐿𝑋 − 𝑇𝑋 relations, 7/3 for the bolometric
𝐿𝑋 -𝜆 relation, 2 for the 𝐿𝑋,52-𝜆 relation and 2/3 for the 𝑇𝑋 -𝜆 relation, all as per self-similar expectations.

of their XMM sample). This consistency is particularly relevant as
the 𝑇𝑋 − 𝜆 relation derived in the F19 paper informs the scatter
prior on the stacked mass-richness relation assumed in the DESY1
cosmology analysis (Abbott et al. 2020).

6 DISCUSSION

6.1 Scaling relations

6.1.1 Richness dependence

Assuming clusters demonstrate self-similarity, the X-ray temperature
and X-ray bolometric luminosity should be related with a power law
of slope 2. In this work, the observed slope between luminosity
and temperature is somewhat steeper which is consistent with other
studies. See Lovisari et al. (2021, Table 2), for a selection of scaling
relation properties from the literature. This is likely due to the over-
simplified assumption that gravity is the sole heating mechanism
within the clusters’ physics as well as the gas fraction increasing as
a function of mass (e.g., Eckert et al. 2016).

The literature is more divided when it comes to comparing the
slope of the 𝐿𝑋 − 𝑇𝑋 relation between clusters and groups; for a
more detailed discussion, see Lovisari et al. (2021). Previous work
has shown that scaling relations can be modelled by a broken power-
law, highlighting a transition between the cluster and group scale
(e.g. Kettula et al. 2015; Lovisari et al. 2015). However, it is noted
that other works (e.g. Sun et al. 2009; Zou et al. 2016) do not observe
any inconsistencies between the slopes of low and high mass scaling

relations. Results from simulations, however, do indicate the presence
of a break, or gradual change, in the slope when modelling scaling
relations (e.g., Le Brun et al. 2014; Farahi et al. 2018). Recently, Pop
et al. (2022) used 30,000 mock haloes from the TNG300 simulations
covering the 𝑀500,𝑐 = (1012 − 2 × 1015) 𝑀� mass range, to study
various scaling relations. Pop et al. (2022) found strong evidence
for a break in the modelled relations, occurring between 𝑀500,𝑐 ∼
3 × 1013 − 2 × 1014, depending on the scaling relation considered.

To investigate a possible break in the slope of 𝐿𝑋 − 𝑇𝑋 relation
considered in the work, we have divided the full X-ray sample into
bins of 𝜆 < 20, 20 < 𝜆 < 40 and 𝜆 > 40 as an illustration. Using the
mass-richness relation of McClintock et al. (2018), these bins corre-
spond to M200,𝑚 .1.2×1014 M� , 1.2.M200,𝑚 .3.0×1014 M� and
M200,𝑚 &3×1014 M� . The slope and normalisation of the 𝐿𝑟500

𝑋,𝑏𝑜𝑙
-

𝑇𝑋 relation for the 20 < 𝜆 < 40 and 𝜆 > 40 bins are statistically
similar to the total sample, but it is noted that the lower richness (and
by definition, lower mass) bin relation is marginally steeper with a
higher normalisation. The steeper slope at these lower richnesses
may support the broken power-law model of scaling relations, how-
ever, the slope of the 𝜆 < 20 clusters is only steeper than the 𝜆 > 40
clusters at the∼1.6𝜎 level. One plausible reason for the steepening of
the relation at low richnesses is the increased fraction of AGN within
clusters as a function of decreasing mass (e.g., Noordeh et al. 2020).
It is possible that a higher fraction of the low 𝜆 bin has increased
AGN contamination, leading to an increased luminosity and hence
steepening the slope of the 𝐿𝑋 − 𝑇𝑋 relation.
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Figure 11: Signal to Noise distribution for the XCSoptically_confirmed
data set. SNR is taken from the initial XAPA region for the PN
camera.

6.1.2 Effect of low signal-to-noise clusters on scaling relations

As per section 4.2.2, the only cut we make on the data is removing
clusters where the temperature error bar is greater than 50% of the
central value i.e. post-processing. However, we are aware that, due
to the serendipitous nature of the X-ray detections, the X-ray sample
includes low signal-to-noise observations, as shown in Figure 11.
We have tested the effect of these low SNR clusters on our derived
scaling relations by fitting the data (following the same fitting method
as in Section 5.1), but excluding all clusters with an SNR<5. The SNR
ratio used here was estimated from the PN spectra used in the XSPEC
fits (as generated in Section 4.1) and represents an SNR within our
estimate of 𝑟500 for the cluster. Excluding these low SNR clusters
makes no statistical difference to the derived scaling relations, and
so we use all data points, regardless of their SNR.

6.2 Comparison to previous studies

One of the most analogous comparisons to the work presented here
is that of Ota et al. (2022, hereafter O22), who constructed a photo-
metrically selected sample of clusters from Hyper Suprime-Cam
(HSC) analysed using the CAMIRA red-sequence cluster finder
Oguri (2014). The clusters were selected over 140 deg2 that coincided
with the eROSITA Final Equatorial-Depth Survey (eFEDS Brunner
et al. 2022), and hence have complete X-ray coverage. O22 cross-
matched 41 clusters with a richness �̂�𝑚𝑒𝑚 > 40 with the eFEDS
cluster catalogue (Liu et al. 2022), finding 32 CAMIRA clusters with
a match to the eFEDS catalogue, in order to probe various scaling
relations. Using these 32 clusters, O22 find a slope of the 𝐿𝑋 − 𝑇𝑋
relation of 1.87±0.45. Note, this result does not account for selection
effects. However, O22 do model effects of selection resulting in a
steeper slope (2.08±0.46), but we compare to the uncorrected slope
for consistency with the work presented here. To provide a more
robust comparison to O22, we limit the RM𝑠𝑐𝑎𝑙𝑖𝑛𝑔 scaling sample
to clusters with 𝜆 > 40 and re-fit for the 𝐿𝑋 −𝑇𝑋 relation (following
the method as in Sect. 5.1). Using only 𝜆 > 40 RM𝑠𝑐𝑎𝑙𝑖𝑛𝑔 clusters,
we find a slope of the 𝐿𝑋 −𝑇𝑋 relation of 2.61±0.27. While steeper
than the O22 relation, the difference is only significant at the 1.5𝜎
level.

Another point of comparison is the work of Giles et al. (2022a,

Figure 12: Full sky map highlighting the location and size of XMM
observations given by the dark grey points. In pink, the eRASS𝐷𝐸

region (excluding the Galactic plane) is highlighted. The DES and
LSST survey footprints are given by the blue and black outlines
respectively. The light-grey background map displays the polarised
dust emission map from Planck

hereafter G22a), who presented a comparison of optically and X-ray
selected clusters over≈16 deg2 of the XXL-N region. While the G22a
optical clusters were spectroscopically selected from the Galaxy and
Mass Assembly survey (GAMA, Driver et al. 2011) group catalog
(version G3Cv10, constructed from the group detection routine of
Robotham et al. 2011), and hence different from the photometric
selection used here, the comparison is still warranted. Note the X-
ray data in G22a were selected from the XXL-N survey (Pierre et al.
2016), as used in this work. The main result presented in G22a was an
apparent increase in the scatter of the luminosity - velocity dispersion
(𝐿 − 𝜎v) for their X-ray selected sample compared to the optically
selected sample.

While we cannot compare a 𝐿 − 𝜎v relation to the one done in
G22a, the most appropriate comparison we can make is the 𝐿X − 𝜆
relation between the optically and X-ray selected samples. We find
that the scatter of the XCSscaling 𝐿X − 𝜆 relation is only 10% higher
than that of the RMscaling sample. This is significantly less than the
factor 2.7 times higher scatter of the G22a X-ray selected sample
compared to their optically selected sample. It is noted in G22a that
due to the small sample size, a small number of high luminosity
outliers in the X-ray selected sample were affecting the measurement
of the scatter. Since our sample is significantly larger than that in
G22a, we are less affected by small population outliers (but note
that a larger fraction of outliers would still indeed affect our results).
As mentioned in Section 5.2, removal of low SNR clusters does
not significantly impact the measured relation. We note that for all
the relations studied in this work, the XCSscaling sample presents a
marginally larger scatter than the RMscaling sample, but also note
that none of the differences in scatters are significantly different.

Our results are more in line with that of Connelly et al. (2012,
hereafter C12). C12 utilised two regions of the Canadian Network for
Observational Cosmology Field Galaxy Redshift Survey 2 (CNOC2)
with overlapping contiguous Chandra observations to construct opti-
cally and X-ray selected samples. Broadly, they found that the scatter
of the 𝐿X − 𝜎𝑣 relation were consistent for both sample of clusters,
as found in the work presented here.
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6.3 Predicted X-ray cluster detections in the era of the Rubin
Observatory

Given the samples constructed in this work, we can estimate the
number of potential clusters in common between those detected by
the upcoming Legacy Survey of Space and Time (LSST), planned
to be carried out by the Rubin Observatory, and the XMM archive.
The LSST Wide Fast Deep (LSST-WFD) survey (The LSST Dark
Energy Science Collaboration et al. 2018) will aim to cover ≈14,000
deg2 of the southern sky (excluding the Galactic plane). Currently,
the XMM archive covers 504 deg2 of the proposed footprint of the
LSST-WFD (including the 57.4 deg2 of observations used in this
work). This is shown in Figure 12, with the sky plot highlighting the
position of all currently available XMM observations (grey points).
The proposed area of the LSST-WFD is given by the black outline.
Given the incompleteness of the X-ray detections of RM clusters in
this work (see Sect. 3), the limiting factor will be the depth of the
XMM observations. Therefore, using the current DESY3 sample as
a precursor should provide a representative indication of the number
of LSST-WFD clusters detected in the XMM archive. Given the 178
cluster in the RMXCS sample, this leads to a cluster density of 3.1
clusters per deg2. For the full overlap of the LSST-WFD with the
XMM archive, we predict a sample of ≈1,500 LSST selected clusters
will be detected by XMM. Note however that ∼50% of observations
in XMM archive have a nominal exposure time longer than that of a
typical observation used in this work, and hence the predicted number
of clusters is likely a lower limit. Furthermore, these estimates are
for redMaPPer5 with 𝜆 > 20 and within 0.1<z<0.9.

Focussing on forecasts for X-ray selected samples, the XCSopt
sample contains 341 clusters, 298 of which have properties (i.e. red-
shift and richness) returned by redMaPPer. Using these 298 clusters,
we determine a source density of ≈ 5.2 clusters per deg2. Again
expanding to the full LSST-WFD with available XMM data, we esti-
mate there will be ≈2,600 X-ray selected clusters. Due to the deeper
depth of the LSST compared to DES, this is likely to be a lower limit
(e.g., LSST will detect the high redshift X-ray clusters not found by
RM using the current DES data, see Sect. 3). Further X-ray data will
come from the eROSITA all sky survey (eRASS). Currently, only the
western half (in Galactic coordinates) is due to be publicly released
(by the German eROSITA Consortium, we denote this half of the
sky eRASSDE). The sky region covered by eRASS is given by the
pink shaded region in Figure 12. To estimate the number of clusters
detectable by eFEDS over the LSST-WFD region, we make use of
the recently released cluster catalogue from the 140 deg2 eROSITA
Final Equatorial Depth Survey (eFEDS, Liu et al. 2022). This sample
contains 542 clusters, of which 477 are subsequently optically con-
firmed (Klein et al. 2022), using the multicomponent matched filter
(MCMF) cluster confirmation tool Klein et al. (2018). Using the op-
tically confirmed sample leads to an eRASS source density of ≈3.4
clusters deg−2. We estimate the overlap between the LSST-WFD and
eRASSDE to be 10,174 deg2, leading to a potential ≈34,600 clusters
when the final depth eRASSDE is released.

7 SUMMARY

In this paper, we consider two samples of clusters, one selected via
optical data from the Dark Energy Survey (DES), and a second using
X-ray observations from XMM-Newton. The samples are constructed

5 Note that redMaPPer is one of a number of cluster finders being tested for
use with the LSST

from 4 survey regions observed by XMM, analysed by the XMM Clus-
ter Survey (XCS) that overlap with the DES footprint. We cross-match
between the two samples to determine the level of overlap explaining
why some optically detected clusters are not being detected in the
X-ray observations. We also explore various scaling relations, in-
cluding the X-ray 𝐿𝑋 -𝑇𝑋 relation and the mass observable relations
𝐿𝑋 -𝜆 and 𝑇𝑋 -𝜆. We find the following:

• Across 57.4 deg2 of the four survey regions used in this work,
there are 468 redMaPPer detected DES clusters within the parameter
space 𝜆 > 20 and 0.1 < 𝑧 < 0.9, of which 178 have a visually
confirmed X-ray counterpart. By comparison, there are 341 X-ray
extended sources detected by XCS, with a visually identified optical
red galaxy overabundance coincident with the X-ray source.
• From the samples derived, we find that the redMaPPer sample is
'38% matched in terms of X-ray detections. However, as a function of
𝜆, X-ray completeness is ≈95% above 𝜆 > 60 and entirely complete
above 𝜆 > 70, although the number of clusters in these subsamples
is small.
• Based upon the constructed X-ray sample, the redMaPPer catalogue
is fully matched to the XCS catalogue for 𝜆 > 20 and 0.1 < 𝑧 < 0.9,
i.e., all X-ray clusters within this range are recovered in the optical
cluster catalogue.
• We found that 46% of redMaPPer clusters undetected by our X-
ray data can be explained by the insufficient exposure times of our
current observations (based on estimating the X-ray luminosity from
their richness and our measured 𝐿𝑋 − 𝜆 relation). For the other
54%, we found that the X-ray exposure times of current observations
become insufficient if we reduce the clusters’ luminosities within the
measured scatter of the 𝐿𝑋 − 𝜆 relation.
• The 𝐿𝑋 -𝑇𝑋 scaling relation for the overall X-ray and optical samples
are consistent with each other, and also with serendipitous X-ray
cluster samples in the literature.
• Creating sub-samples based upon 𝜆 cuts, we find that the slope of
the 𝐿𝑋 -𝑇𝑋 relation is somewhat steeper for lower richness clusters
with 𝜆 < 20 compared to 𝜆 > 40 although only significant to the
1.6𝜎 level.
• We have shown that the 𝐿𝑋 -𝜆 relation slope and residual scatter
is consistent with that for the relation derived from serendipitously
detected clusters found in Giles et al. (2022b).
• Additionally, the 𝑇𝑋 -𝜆 slope and residual scatter is consistent with
the results of Farahi et al. (2019).
• We have shown that the inclusion of low SNR X-ray clusters does
not affect the scaling relation fit. However, the binning technique
used for low SNR clusters may have an effect on the extraction
of X-ray properties from xspec. Further work will be undertaken
on higher quality X-ray data, and degraded down to lower signal-
to-noise, to determine how the binning effects the measurement of
cluster properties.
• We find that the scatter in each of the scaling relations considered is
consistent between the optically and X-ray selected cluster samples.
This is in tension with the previous results of Giles et al. (2022a),
using clusters from a smaller area than the surveys used in this work,
albeit with different optical selection methods.
• Finally, we estimate that there will be≈1,500 XMM detected clusters
from those detected by the upcoming Legacy Survey of Space and
Time (LSST) and its overlap with the XMM archive.

MNRAS 000, 1–27 (2023)



16 E.W. Upsdell et al.

DATA AVAILABILITY

The X-ray sample used for the catalogue crossmatch can
be found at: https://users.sussex.ac.uk/~xcs-data/XCS_
tests_on_DESY3/xray_sample.csv

The optical sample used for the catalogue crossmatch can
be found at: https://users.sussex.ac.uk/~xcs-data/XCS_
tests_on_DESY3/optical_sample.csv

The data used for the X-ray scaling relations can
be found at: https://users.sussex.ac.uk/~xcs-data/XCS_
tests_on_DESY3/xray_sample_scaling_data.csv

The data used for the optical scaling relations can
be found at: https://users.sussex.ac.uk/~xcs-data/XCS_
tests_on_DESY3/optical_sample_scaling_data.csv
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APPENDIX A: IMAGE EXAMPLES

Here we present some examples of various images referenced in the
main paper. Figure A1 shows typical images used to eyeball DES
images for associated X-ray counterparts. Figure A2 shows images
used to eyeball X-ray images for optical red-galaxy overabundances.
Figure A3 is an example of a DES mask affecting detection of an
optical cluster. Figure A4 shows the 14 high redshift clusters outside
the detection limits of redMapper (and thus not in the redMaPPer
catalogue) but detected in X-ray. Figure A5 shows the four X-ray
detected clusters that are within the redMaPPer parameter space but
are not found in the catalogue.

We note that visual inspection can be prone to human variation.
We mitigate this by doing classification sessions in pairs involving
discussion. When agreement is not found, a third expert is consulted.
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Eyeballing redMaPPer clusters for X-ray counterparts

Figure A1: 3 examples of associating DES optical clusters with XCS X-ray clusters. All images are 6×6 arcmins. Left: Legend showing
redshift and richnesses for DES clusters in image colour coded by members. Middle: DES image with members of potential clusters coloured
together. Right: XCS processed image showing extended and/or point like X-ray sources.
Top row: The XMM image shows an extended associated X-ray source (green ellipse) overlaying the optical cluster. 4 point sources (red
circles) are also shown.
Middle row: The XMM image shows a point-like source (red circle) but no extended emission detected in the region.
Bottom row: An extended source is detected in the XMM image but it is associated with the z=0.74,𝜆=23 DES cluster and not the central
DES cluster at z=0.38,𝜆=33. The lack of detection of the central cluster is likely due to the reduced efficiency of the detector towards the edge
of the chip.
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Eyeballing X-ray clusters for redMaPPer counterparts

Figure A2: 2 examples of using contrast enhanced DES images to confirm X-ray extended sources. All images are 6×6 arcmins. Left: XMM
image showing XAPA extended source detection. Middle: DES image. Right: XCS image showing smoothed X-ray signal and DES image
enhanced red-channel to highlight red clusters.
Top row: Clear example of red galaxy overabundance in both the pure DES image and the overlay. This extended source is therefore optically
confirmed.
Bottom row: Example of a XAPA detection with no red galaxy over abundance showing in the DES image. The contrast enhancements also
shows no red galaxies. This extended source is thus not optically confirmed.
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Figure A3: An example of a DES masked region that covers an obvious cluster. This is the same cluster as Figure A2 top. Again, green
ellipses represent X-ray cluster detections whilst purple diamonds represent redMaPPer cluster centroids and their MEM_MATCH_ID. The
grey overlay represents the DES Mask casue by the two bright stars at the bottom of the cutout. As can be seen, the cluster is covered by a
mask and therefore does not appear in the redMaPPer catalogue despite being clear and obvious.
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The 13 high redshift clusters detected in X-ray not in the redMaPPer catalogue

Figure A4: cont.
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Figure A4: cont. MNRAS 000, 1–27 (2023)
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Figure A4: cont.MNRAS 000, 1–27 (2023)



XCS tests of the DES Y3 redMaPPer Catalogue 25

Figure A4: The 13 examples of using contrast enhanced DES images to show red galaxy overabundances for high redshift X-ray extended
sources that are not present in the redMaPPer catalogue. All images are 6×6 arcmins. Left: XMM image showing XAPA extended source
detection. Middle: DES image. Right: XCS image showing smoothed X-ray signal and DES image enhanced red-channel to highlight red
clusters.
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The 4 X-ray Detected Clusters Not Found in redMaPPer Catalogue

Figure A5: The four X-ray detected clusters that are not in the redMaPPer catalogue. Green ellipses represent X-ray detected extended sources.
Purple diamonds are centred on redMaPPer clusters.
Top Left: From redMaPPer scan - Redshift: 0.2 𝜆 : 15.26
Top Right: From redMaPPer scan -Redshift: 0.34 𝜆 : 9.233
Bottom Left: From redMaPPer scan - Redshift: 0.12 𝜆 : 5.95
Bottom Right: From redMaPPer scan -Redshift: 0.09 𝜆 : 13.93
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