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ABSTRACT

Context. We present an estimation of cosmological parameters with clusters of galaxies.
Aims. We constrain the Ωm, σ8, and w parameters from a stand-alone sample of X-ray clusters detected in the 50 deg2 XMM-XXL
survey with a well-defined selection function.
Methods. We analyse the redshift distribution of a sample comprising 178 high signal-to-noise ratio clusters out to a redshift of unity.
The cluster sample scaling relations are determined in a self-consistent manner.
Results. In a lambda cold dark matter (ΛCDM) model, the cosmology favoured by the XXL clusters compares well with results
derived from the Planck Sunyaev-Zel’dovich clusters for a totally different sample (mass/redshift range, selection biases, and scaling
relations). However, with this preliminary sample and current mass calibration uncertainty, we find no inconsistency with the Planck
CMB cosmology. If we relax the w parameter, the Planck CMB uncertainties increase by a factor of ∼10 and become comparable with
those from XXL clusters. Combining the two probes allows us to put constraints on Ωm = 0.316 ± 0.060, σ8 = 0.814 ± 0.054, and
w = −1.02 ± 0.20.
Conclusions. This first self-consistent cosmological analysis of a sample of serendipitous XMM clusters already provides interesting
insights into the constraining power of the XXL survey. Subsequent analysis will use a larger sample extending to lower confidence
detections and include additional observable information, potentially improving posterior uncertainties by roughly a factor of 3.

Key words. surveys – X-rays: galaxies: clusters – galaxies: clusters: intracluster medium – large-scale structure of Universe –
cosmological parameters

? Based on observations obtained with XMM-Newton, an ESA science mission with instruments and contributions directly funded by ESA Member
States and NASA.
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1. Introduction

Recent observations of the cosmic microwave background
(CMB) by the Planck mission have resulted in a new set of
cosmological constraints with unprecedented precision (Planck
Collaboration XIII 2016). While these measurements still remain
entirely consistent with the simplest six-parameter lambda cold
dark matter (ΛCDM) Universe, they also reveal inconsistencies
between the interpretation of the CMB data and several of the
late time cosmological probes, in particular a >3σ tension with
local measurements of the Hubble constant using Cepheids (e.g.
Riess et al. 2018), as well as a higher predicted amplitude of
matter fluctuations in the late time Universe compared to cos-
mic shear measurements (Joudaki et al. 2017; Hildebrandt et al.
2017)1 or the observed number counts of galaxy clusters (Planck
Collaboration XXIV 2016).

While part of these discrepancies could be accounted for
by statistical fluctuations, investigating their origin could also
point to new physics beyond the basic ΛCDM model or reveal
residual systematics that remain to be understood in the interpre-
tation of the different probes. For instance, while some work has
pointed to a moderately high value for the neutrino mass (0.1 .∑

mν . 0.5 eV) as a plausible solution for the dearth of mas-
sive clusters in the local Universe (Planck Collaboration XXIV
2016; Salvati et al. 2018), others invoke systematic uncertainty in
the cluster mass scale estimate as the main route to softening the
discrepancy (von der Linden et al. 2014; Israel et al. 2015; Sereno
et al. 2017). Indeed, while some recent results use a weak lens-
ing mass calibration (e.g. Mantz et al. 2015), many have relied
on scaling relations inferred using the gas distribution alone and
assuming hydrostatic equilibrium to reconstruct the cluster mass.
Numerical simulations have shown concerns that such methods
could underestimate cluster masses by up to 20–30%, due to the
turbulent motion and non-thermal pressure of the intra-cluster
medium (ICM). In addition, the spread among results obtained
by different groups indicates that the systematic uncertainties
on the cluster mass calibration may currently be underestimated
(Rozo et al. 2014; Sereno & Ettori 2015) for X-ray and for weak
lensing derived masses.

The XXL survey is an XMM Very Large Programme cover-
ing 50 deg2 with ∼10 ks exposures (Pierre et al. 2016, Paper I). It
was specifically designed to constrain cosmological parameters,
in particular the dark energy (DE) equation of state through the
combination of cluster statistics with the Planck CMB results
(Pierre et al. 2011). In the first series of XXL papers, our pre-
liminary analysis, based on some 100 clusters, indicated that
the Planck 2015 CMB cosmology overpredicts cluster counts
by ∼20% (Pacaud et al. 2016, hereafter Paper II). In the present
article we perform a first complete cosmological analysis with a
sample almost twice as large.

We describe the cluster sample and compare its redshift dis-
tribution with that expected from recent CMB measurements in
Sect. 2. Section 3 presents a quantitative comparison between
the cosmological constraints from the XXL sample and from
the Planck CMB analysis, for a simple cosmological constant
model and for a more general dark energy equation of state
(w = pDE/(ρDEc2) , −1). In Sect. 4, we discuss the signifi-
cance of the results in view of the error budget from systematic
uncertainties.

1 However, some other recent studies do not reproduce these inconsis-
tencies, e.g. Troxel et al. (2018).

For the analysis of XXL clusters in this paper, we assume
a flat Universe with massless neutrinos. The number density of
galaxy clusters follows the Tinker et al. (2008) mass function
and the linear growth of cosmological overdensities is computed
using version 2.6.3 of the CLASS code (Blas et al. 2011).

2. Cluster sample

The strength of XXL resides in its well-characterised selection
function, based on purely observable parameters (X-ray flux and
core radius). This allows us to define cluster samples with a very
low contamination rate from misclassified point sources (AGN);
see Pacaud et al. (2006) for a description and a graphic rep-
resentation of the selection function. With the second release
of the XXL survey, we provide a large and complete sample
of 365 clusters (Adami et al. 2018, hereafter Paper XX) along
with various cluster measurements, including spectroscopic red-
shift confirmation. For statistical studies, our source selection
operates in a two-dimensional parameter space combining the
measured extent of the sources and the significance of this exten-
sion (the extent statistic, see Pacaud et al. 2006). From these data,
we define a complete sub-sample of 191 sources with the highest
significance of extension, located in the 47.36 deg2 of XXL data
where the cluster properties can be robustly estimated, namely,
the C1 sample. The selection function of this sample was thor-
oughly estimated from Monte Carlo simulations as a function
of the input flux and extent of β-model sources (Cavaliere &
Fusco-Femiano 1976), as explained in Paper II. In this paper,
we present cosmological constraints based on 178 of these C1
clusters that have a measured redshift between 0.05 and 1.0
(all spectroscopic but one). This redshift sub-selection ensures
that our analysis would not be affected by a poorly understood
selection function at very low and high redshift. While 8 of
the 13 excluded clusters indeed fall outside the redshift range,
5 actually still lack a redshift estimate. We account for the lat-
ter in the model as a constant incompleteness factor of 6.6% in
the redshift range [0.4–1.0], thereby assuming that they would
have been spectroscopically identified if their galaxies were
brighter.

We show in Fig. 1 the redshift distribution of the C1
sample, which peaks at z = 0.3–0.4. Cluster masses are on
the order of M500 ∼ 1014M�, hence sampling a very different
population than the Planck Sunyaev-Zel’dovich (SZ) clusters
(Paper II). For comparison, we also display expectations from
recent CMB cosmological parameter sets (Hinshaw et al. 2013;
Planck Collaboration XIII 2016). These rely on three scaling
relations which we use to predict cluster observational proper-
ties: the cluster mass-to-temperature relation (M500,WL–T300kpc;
Lieu et al. 2016; hereafter Paper IV), our newest determination of
the luminosity-to-temperature relation (LXXL

500 –T300kpc) given in
Paper XX, and the link between the cluster physical size r500 and
the X-ray extent rc (the core radius of a β-model with β = 2/3)2.
The coefficients of the scaling relations used in this paper are
summarised in Table 1. We note that this mass calibration relies
entirely on weak lensing measurements (Paper IV). More details
on the computation of the expected cluster counts are provided
in Appendix A.

The mismatch between the XXL cluster number counts and
the Planck CMB cosmology suggested by our preliminary analy-
sis in Paper II remains. The predictions from WMAP9 constitute

2 See Appendix F for a description of the notations used for different
cluster quantities in the XXL survey.
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Table 1. Cluster scaling relations used in the study.

Y X X0 Y0 α γ Scatter Reference

M500,WL T300kpc 1 keV (2.60± 0.55) × 1013 M� 1.67 −1.0 – Paper IV
LXXL

500 T300kpc 1 keV 8.24× 1041 erg s−1 3.17 0.47± 0.68 0.67 Paper XX
rc r500 1 Mpc 0.15 Mpc 1 0 – Paper II

Notes. All scaling laws are modeled as a power law of the form Y/Y0 = (X/X0)αE(z)γ, where E(z) is the redshift evolution of the Hubble parameter,
E(z) = H(z)/H0. When indicated, a log-normal scatter is included around the mean scaling relation. Errors in the Y0 or γ columns indicate the
uncorrelated Gaussian priors used to fit cosmological parameters – parameters provided without errors are held fixed. As a matter of consistency,
the luminosities used for the scaling relation of Paper XX are extrapolated to r500 from measurements performed inside 300 kpc using the same
β-model as in our selection function and cosmological modelling. As appropriate the statistical model used to derive those scaling relations account
for the significant Malmquist and Eddington biases affecting our sample.

Fig. 1. The histogram shows the observed redshift distribution of the
178 XXL C1 clusters used in the present study. Errors bars account for
shot noise and sample variance following Valageas et al. (2011); the
cluster deficit at z ∼ 0.5 is present in both the XXL-N and XXL-S fields.
Overlaid, the modelling obtained for different cosmologies assuming
the cluster scaling relations of Table 1. The green line shows the
prediction from the mean WMAP9 cosmology. The red dotted line
corresponds to the Planck 2015 parameters (TT+lowTEB+lensing) of
Planck Collaboration XIII (2016). The red full line shows the predic-
tion from our reanalysis of the Planck 2015 data adopting the updated
estimate of the optical depth to reionisation τ presented in Planck
Collaboration Int. XLVI (2016), which we describe in Appendix B.
For comparison, we also show the prediction of the recent Planck
2018 analysis Planck Collaboration VI (2018) which includes the final
polarisation analysis (dot-dahed line). The shaded areas around model
predictions correspond to uncertainties on the corresponding cosmo-
logical parameters, but do not include any error on scaling relations.
Finally, the black thick line shows our best-fit ΛCDM model to the
XXL clusters of Sect.3.2, which provides a very good fit to the
data.

a better fit, but in both cases a slight deficit of C1 clusters is
observed in the redshift range [0.4–0.7], as already reported
from the analysis of a 11 deg2 subfield by Clerc et al. (2014).
This global deficit is also the reason for the apparent nega-
tive evolution of the cluster luminosity function discussed in
Paper XX. Due to the better match with WMAP9, we infer that,
as for the Planck sample of SZ clusters, the XXL C1 sample
probably favours a lower value of σ8 than the Planck CMB cos-
mology. We quantitatively analyse this hypothesis in the next
section.

3. Detailed cosmological modelling

3.1. Assumptions and methods

We have run a stand-alone cosmological fit of the XXL C1 red-
shift distribution based on a standard Markov chain Monte Carlo
procedure (the Metropolis algorithm). For the whole analysis, we
only rely on the cluster redshifts and never use directly the addi-
tional information contained in the mass distribution of galaxy
clusters; clusters masses only appear in the selection function
as encoded in the scaling relations (Paper II). Our model uses
at most six free cosmological parameters: h, Ωm, Ωb, σ8, ns,
and w. In most cases the dark energy equation of state param-
eter w is fixed to −1 (flat ΛCDM). Also, included as nuisance
parameters are the optical depth to reionisation (τ) in the CMB
analysis, the normalisation of the M500,WL–T300kpc scaling rela-
tion, and the evolution of the LXXL

500 –T300kpc for the XXL clusters
(see Table 1); these parameters are then marginalised over. Since
XXL clusters are not enough by themselves to constrain all cos-
mological parameters (in particular, Ωb and ns to which the
cluster number density is not very sensitive), we apply Gaussian
priors on the C1-only constraints, derived from the Planck 2015
measurements (so that the priors do not introduce any artificial
mismatch between XXL and Planck) and with errors increased
by a factor of 5 (so the priors are loose enough to not force
agreement). We apply this to the parameter combinations that
naturally describe the BAO peak pattern observed in the CMB
data, namely: ns = 0.965 ± 0.023, Ωbh2 = 0.0222 ± 0.0011, and
Ωmh2 = 0.1423 ± 0.0073. In addition, we impose a conservative
Gaussian prior on the Hubble constant to match observations of
the local Universe as h = 0.7 ± 0.1.

3.2. ΛCDM

The results for a fixed w = −1 are shown in Fig. 2 and compared
with the constraints from Planck 2015 and a weak lensing tomog-
raphy analysis from the KIDS survey (Hildebrandt et al. 2017).
A good overlap is found between the XXL and Planck con-
straints; using the Index of Inconsistency (IOI, see Appendix E)
we can quantify the significance of the offset between the two
posteriors to be lower than 0.05σ. Although statistically con-
sistent, the XXL constraints indicate a lower value of σ8 of
0.72 ± 0.07 (versus 0.811 ± 0.007 for Planck) and a correspond-
ingly higher value of Ωm = 0.40 ± 0.09 (versus 0.313 ± 0.009
for Planck). While the combination with KIDS points to a bet-
ter agreement with Planck on the matter density, σ8 remains
much lower (0.72 ± 0.06). For the XXL constraints to exactly
match the Planck predictions, we would need to assume that
our current masses estimates are biased by 18 ± 5 toward lower
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Fig. 2. Cosmological constraints in the flat ΛCDM model. Left panel: posterior distribution on σ8 from the cosmological fit of the whole XXL C1
cluster sample (blue line), when lowering the mass calibration by 20% (black dotted line), when using only clusters below z = 0.4 (green dot-dashed
line), for Planck clusters (Planck Collaboration XXIV 2016; pink triple dot-dashed line), and for CMB (Planck Collaboration XIII 2016; orange
dashed line), rescaled to match the peak of the XXL C1 distribution. Middle panel: countours of 1σ and 2σ in the σ8–Ωm plane obtained from
the C1 clusters as a function of redshift. Right panel: comparison of the XXL, KIDS (lensing), and Planck 2015 constraints in the σ8–Ωm plane
(1σ and 2σ contours).

masses. This is still allowed by the current uncertainty of our
M500–T300kpc calibration, and it explains the lack of significant
tension between the two datasets. This estimate of the bias stems
from the marginalised constraints on the normalisation of the
M500–T300kpc relation obtained through the combination of XXL
and Planck leaving the normalisation of the relation entirely free.

Given the apparent lack of intermediate redshift C1 clusters
compared to cosmological predictions (Fig. 1), we also investi-
gated separately the constraints arising from C1 clusters below
and above z = 0.4. As can be seen in Fig. 2, low-redshift C1
clusters show numbers consistent with the Planck CMB cosmol-
ogy (although with large errors), while high-z clusters require
lower values of σ8. Since a high matter density is required to
reproduce the strong redshift evolution of the full sample, the
Ωm–σ8 degeneracy conspires to push σ8 even lower when the
two redshift ranges are combined.

In a flat universe with a cosmological constant, the CMB
acoustic scale sets tight constraints on the Hubble constant,
while the CMB peaks mostly fix the baryon (Ωb × h2), mat-
ter (Ωm × h2), and photon densities (through CMB black-body
temperature, TCMB): there is no strong degeneracy between the
parameters. However, when letting Ωk or w be free, the geo-
metrical degeneracy sets in and the Planck constraints loosen
drastically, leaving room for the XXL clusters to improve on the
Planck CMB constraints. We investigate this possibility below.

3.3. Dark energy

The effect of releasing the value of w on the Planck CMB
is shown in Fig. 3 for σ8 and Ωm: the size of the error bars
now approaches that from the XXL cluster sample, which are
only slightly larger than for fixed w. The XXL dataset, like
Planck, favours a strongly negative equation of state parameter
(respectively w0 = −1.53 ± 0.62 and −1.44 ± 0.30) albeit with
rather different values for the other parameters. Actually, most
of the larger parameter space now allowed by the CMB datasets
is disfavoured by the XXL C1 clusters, which thus hold the
potential to improve significantly on the dark energy constraints
provided by Planck alone. Still, the constraints obtained from
both projects show good overlap, and our inconsistency test with
the IOI shows that the two datasets are compatible within ∼0.5σ

(PTE = 0.49). In the absence of any apparent tension between
the two probes, we thus proceed with their combination.

The joint C1+Planck dataset results in a significantly higher
value of w = −1.02 ± 0.20, than would each probe if taken
separately, with a best-fit cosmology similar to the preferred
Planck ΛCDM model. Interestingly, other datasets, like super-
novae (Betoule et al. 2014, Fig. 14), also favour equation of
state parameters that differ from −1 but, once combined with
Planck or other probes, point toward the concordance ΛCDM
cosmology. In addition to comforting the ΛCDM model, our cos-
mological analysis of the XXL C1 cluster decreases by 30% the
errors on w obtained from Planck alone, despite using less than
half of the final cluster sample and neglecting the constraints
provided by both the mass distribution and spatial correlation of
clusters.

4. Discussion and conclusion

All in all, our results prove consistent with the Planck SZ
cluster analysis (Planck Collaboration XXIV 2016) despite rely-
ing on a totally different cluster dataset (mass and redshift
range, selection procedure, scaling relations based on weak lens-
ing mass measurements). However, the uncertainties resulting
from the present analysis are too large to either confirm or
dismiss the tension identified within the Planck Collaboration
between the primary CMB and the abundance of galaxy clus-
ters. Since our analysis relied on less than half of the full XXL
cluster sample, did not use information from the cluster mass
distribution and assumed conservative errors on scaling rela-
tions, there is ample room for improvement in the constraints
provided by XXL alone in the near future. Yet, we showed that,
even at the present stage, the XXL clusters already bring signif-
icant improvements on dark energy constraints when combined
with Planck data.

While most of the critics of the Planck sample analysis
pertains to the hydrostatic bias and its normalisation via numer-
ical simulations, this does not directly affect the present studies
which relies on weak lensing mass measurements. There are
nevertheless a number of residual uncertainties in the present
analysis, in particular regarding our mass estimates, which need
to be addressed before using the full power of the survey, and
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Fig. 3. Comparison between the XXL and Planck 2015 constraints, with w free, for the σ8–Ωm, σ8–w, and w–ΩΛ planes (1σ and 2σ contours, same
assumption on τ as in Fig. 1).

that we now discuss. Key considerations for the XXL analysis
include the following:
– Accuracy of the mass calibration. In Eckert et al. (2016, XXL
Paper XIII), we analysed the gas mass of 100 XXL galaxy clus-
ters and found that their gas mass fractions were about 20%
lower than expected. A possible interpretation would be for the
mass calibration published in Paper IV to be ovestimated by
∼20%, which is supported by the parallel weak lensing analy-
sis presented in Lieu et al. (2017). To test the impact of such a
calibration offset, we repeated our flat ΛCDM analysis decreas-
ing the prior on the M500,WL–T300kpc normalisation by 20%. In
this case, the XXL clusters would start to deviate more signifi-
cantly from the prediction of the Planck CMB (by ∼1.1σ) with
marginalised values of σ8 = 0.68 ± 0.05 and Ωm = 0.35 ± 0.08.
The marginalised posterior on σ8 for this case is also shown in
the left panel of Fig. 2.
– Scaling relation model. For our analysis, we have assumed
a bijective relation between cluster mass and temperature, and
have attributed all the scatter in cluster scaling laws to the rela-
tion between temperature and luminosity. A more realistic model
is required that would include the scatter in both luminosity and
temperature, as well as their covariance. Another option would
be to bypass the need for cluster temperatures by estimating the
luminosity in a redshifted band corresponding to the measured
flux. Only one scaling relation and its redshift evolution would
then be required without covariance issue. In addition, an accu-
rate cosmological analysis requires reevaluating simultaneously
cluster scaling relations as the cosmology is varied (e.g. Mantz
et al. 2010). Given the large uncertainties in the present analysis,
this was not considered necessary, but the same will no longer
hold for studies with more clusters and better mass information.
– The average shape of galaxy clusters. In the scaling model of
Table 1, we chose a specific model for the surface brightness
of galaxy clusters (a β = 2/3 model and xc = rc/r500 = 0.15).
Although motivated by observations, the value of xc is not firmly
established, in particular in the new mass–redshift regime uncov-
ered by XXL. Most other plausible values of xc would lower
the number of expected clusters and improve the agreement
with the Planck CMB model: the detection efficiency becomes
lower for very compact clusters (which may be misclassified as
X-ray active galactic nuclei, AGN) and for very extended clus-
ters (whose low surface brightness hampers their detection). As
for the normalisation of M500,WL–T300kpc in Sect. 3, we esti-
mated the value of xc required by the Planck CMB data from its

marginalised constraints when Planck and XXL are combined.
The resulting constraints on xc are surprisingly loose, indicating
that xc is not a major systematic in the present study. Further-
more, our fiducial value of 0.15 is only 1.1σ away from the
preferred value of xc = 0.44 ± 0.26 so that changing this param-
eter cannot improve the agreement between XXL and Planck
much.
– The dispersion of cluster shapes. The fourth paper in the
ASpiX series (Valotti et al. 2018) studies the impact of intro-
ducing some scatter around xc in the relation between rc and
r500. Although the results depend on the exact value of xc, a
larger scatter usually implies fewer detected clusters. Using again
the same method, we found that the combination of XXL C1 +
Planck implies a log-normal scatter of 1.49 ± 0.31. This value is
well constrained, showing that an increase in the scatter could,
in principle, change the interpretation of the results. We will
pay greater attention to this parameter in the forthcoming anal-
yses; in the meantime, we note that the preferred value above is
unlikely to be realistic as the gas distribution in galaxy clusters is
observed to be rather self-similar (e.g. Croston et al. 2008) and
numerical simulations predict a much lower scatter (for instance
Le Brun et al. 2017 and Valotti et al. 2018 estimated a log-normal
scatter of 0.5 on xc from the OWLS simulations).
– The effect of peaked clusters. As noted by Clerc et al. (2014), a
change with redshift in the strength or frequency of cool cores,
as well as a different occupation of cluster halos by AGNs,
could explain the apparent deficit of clusters at intermediate
redshift. So far, our observational programme to identify clus-
ters contaminated by AGNs proved that the C1 selection is
robust (Logan et al. 2018, XXL paper XXXIII). However, we
already noticed that AGNs may be more common in the centre
of the XXL groups than they are in low-redshift massive clusters
(Koulouridis et al. 2018b, XXL paper XXXV). In the future, we
will use realistic simulations of the combined cluster and AGN
populations obtained in Koulouridis et al. (2018a, XXL paper
XIX) to further investigate these hypotheses.
– Systematics of theoretical mass functions. Here, we rely on
the commonly used Tinker et al. (2008) mass function, but over
the years a number of new results have become available (e.g.
Watson et al. 2013; Despali et al. 2016) that use higher reso-
lution simulations and better statistics. Differences still remain
between them, which means that an estimate of systematic uncer-
tainties impinging on the mass function itself must be included.
Even more importantly, results from magneto-hydrodynamic
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simulations have shown that the detailed physics of the gas
affects the collapse of dark matter halos and alters the mass func-
tion (Stanek et al. 2009). Even though analytical recipes already
exist to include this effect (e.g. Velliscig et al. 2014; Bocquet
et al. 2016), there is still enough uncertainty in the modelling of
the gas that results still vary between different simulations and
codes.

To conclude, the present article constitutes a significant step
in the cosmological analysis of X-ray cluster samples, targeting
a mass and redshift range that will be the realm of wide-area
upcoming surveys (ACT-pol, SPT-pol, eRosita, Euclid). When
the final XXL data release occurs, a more comprehensive study
involving the full cluster sample (some 400 objects) will follow,
and will address most of the shortcomings noted above. Our cos-
mology pipeline will be upgraded to jointly fit cosmology and
scaling relations relying directly on the observed signal. One
such observable will be the angular extent of clusters for which
a scaling relation and scatter will be constrained simultaneously.
In parallel, the selection function will undergo significant tests
based on realistic MHD simulations (Paper I; Paper XIX) to
assess the effect of cool cores and AGN contamination. In addi-
tion, lowering our threshold on the extent statistic (i.e. using the
C2 sample described in Adami et al. 2018) will roughly dou-
ble the number of clusters and should improve the cosmological
constraints by a factor of ∼

√
2 (Pierre et al. 2011); the new clus-

ters correspond to lower signal-to-noise ration sources, hence
to less massive or more distant clusters. The calibration of the
scaling relations will also improve, thanks to lensing mass mea-
surements by the HSC at the Subaru telescope. We shall thus be
in a position to model the dn/dM/dz distribution (much more
constraining than dn/dz) in combination with the final Planck
chains (Planck Collaboration VI 2018). The final results will be
combined with those from the 3D XXL cluster–cluster corre-
lation function obtained with the same sample (Marulli et al.
2018, XXL Paper XVI); when w is free, this combination has
the potential to double the precision on the DE equation of state
(Pierre et al. 2011). All in all, by combining a better mass deter-
mination, the information from the mass function, the increase in
sample size, and the correlation function we expect an improve-
ment of a factor of 3 with respect to the current analysis. We will
also be in a strong position to quantify the agreement between
XXL and the Planck CMB results: dividing by 3 the current
XXL cosmological constraints while keeping the same best-fit
model would result for instance in a 4.8σ and 13.4σ tension,
respectively, in the ΛCDM and wCDM models based on our IOI
test.
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Appendix A: C1 cluster likelihood model

In this paper, we obtain cosmological constraints from the den-
sity and redshift distribution of the C1 galaxy cluster sample.
Our analysis relies on the likelihood model described in Paper II,
which we summarise here.

The first step in the calculation is to derive the density of
galaxy clusters in a given cosmology as a function of their ICM
properties. Starting from the differential mass function expressed
in terms of redshift (z) and sky area (Ω), dn(M500,z)

dM500 dΩ dz , we use the
M500,WL–T300kpc and LXXL

500 –T300kpc scaling relations to derive an
equivalent temperature function, without including the scatter,
and disperse it over a luminosity distribution

dn (L,T, z)
dz dL dT

=
dn (M, z)
dM dΩ dz

dM(T, z)
dT

LN
[
L | L̂ (T, z) , σLT

]
, (A.1)

where T and L̂ are the average temperature and [0.5–2.0] keV
luminosities at a given mass obtained from the scaling relations
of Table 1, and LN

[
L | L̂, σ

]
is a log-normal distribution of

mean L̂ and scatter σ.
The combination of this distribution with the survey effec-

tive sky coverage allows us to derive the cluster redshift density
for our analysis. The selection function of the XXL C1 clusters
in terms of raw observables is discussed in Sect. 5 of Paper II
and depends on the source total count rate (CR∞) and the angu-
lar core radius θc of a β-model with β = 2/3. The corresponding
sky coverage ΩS(CR∞, θc) must be recast as a function of cluster
physical properties. First, we derive a core radius from the char-
acteristic size of the clusters, r500 =

[
3M500(T )
4π×500ρc

]1/3
, and the size

scaling relation of Table 1, which can be expressed through the
constant parameter xc = rc/r500. Second, we use an APEC ther-
mal model (Smith et al. 2001, version 3.0.9) with a metallicity
set to 0.3 times the solar value to estimate the source count rate
within r500, based on the cluster luminosity, LXXL

500 , and tempera-
ture. In addition, an extrapolation factor from r500 to infinity, f∞,
is computed from the assumed β-model profile. This results in
an effective sky coverage,

ΩS (L,T, z) = ΩS ( f∞CR500 [L,T, z] , rc [T, z] /dA [z]) , (A.2)

and a final redshift distribution for the model,

dn
dz

(z) =

∫ ∞

0

∫ ∞

0
ΩS (L,T, z)

dn (L,T, z)
dz dL dT

dLdT. (A.3)

The total number of clusters predicted by the model, Ntot follows
from a simple redshift integration.

To infer model parameters (P) from the properties of the
C1 clusters, we make use of a very generic unbinned likelihood
model, in which we separate the information on the number of
detected clusters, Ndet, from their redshift distribution,

L(P) = P(Ndet|Ntot,P)
Ndet∏
i=1

[
1

Ntot

dn
dz

(zi)
]
, (A.4)

where P(Ndet|Ntot,P) describes the probability of observing Ndet
clusters in a given cosmological model. A standard choice for
this probability would be to use a Poisson law of parameter
Ntot, but we opted for a more complicated distribution in order
to account for the significant cosmic variance within the XXL
fields. We estimate this variance, σ2

v, with the formalism pre-
sented in Valageas et al. (2011). For cosmological models which

provide a good description of the XXL cluster population, this
super-sample variance term amounts to ∼30% of the sample
Poisson variance. The combined distribution from shot noise and
cosmic variance is modeled as

P(Ndet|P) =

∫
Po(Ndet|Nloc)LN [Nloc|〈Ndet〉, σv] dNloc, (A.5)

where the local density, Nloc, is generated from a log-normal dis-
tributionLN of mean 〈Ndet〉 and sample variance σ2

v, and Nloc is
then subjected to additional shot noise through the Poisson law
Po(x|λ).

For all the results presented in this article, we sample
this likelihood using a Metropolis Markov chain Monte Carlo
(MCMC) algorithm, combined with the priors listed in Sect. 3.1
and non-informative priors on all other parameters. We run four
chains in parallel, excluding a 20% burn-in phase and monitor
the convergence with the Gelman–Rubin diagnostic (Gelman &
Rubin 1992). The chains are stopped when they reach a con-
vergence of R − 1 < 0.03. As mentioned in the caption of
Table 1, two scaling relation parameters are left free in the
process, the normalisation of the M500,WL–T300kpc relation and
the redshift evolution of the LXXL

500 –T300kpc relation. These are
constrained within the fits by priors derived from earlier XXL
scaling relation analyses (Paper IV; Paper XX).

Finally, the combination of the C1 cluster results with other
cosmological probes (Planck, KIDS) relies on importance sam-
pling of the respective chains based on the C1 likelihood, without
any prior. In the specific case of the KIDS survey, Hildebrandt
et al. (2017) already applies top-hat priors that are similar to ours
on 0.019 < Ωbh2 < 0.026 and 0.064 < h < 0.82. However, the
prior on 0.01 < Ωm < 0.99 is extremely wide and therefore there
is no direct prior applied in the Ωm–σ8 plane for the combined
XXL+KIDS constraints.

Appendix B: Cosmological constraints from
CMB observations

Recently, Planck Collaboration Int. XLVI (2016) has described
new calibration and data processing methods which improve the
control of systematics in the CMB polarisation maps obtained
with the Planck HFI instrument. This has a significant impact on
the determination of the optical depth to reionisation, τ, which is
almost fully degenerate with the amplitude of matter fluctuation
in the temperature power spectrum, but shows distinct signatures
on the large-scale polarisation signal. As a result, the authors
obtained unprecedented constraints on this parameter, τ =
0.055 ± 0.009, which is systematically lower than all previous
estimates (e.g. τ = 0.066 ± 0.016 in Planck Collaboration XIII
2016). Such a decrease in the optical depth directly translates
to a lower amplitude of the matter fluctuations at the epoch of
recombination in order to fit the CMB data. It was immediately
recognised as a possible route to soften the tensions between the
preferred Planck cosmological model and low-redshift probes of
the large-scale structures (e.g. Salvati et al. 2018).

A meaningful comparison with the XXL cluster sample
therefore requires a new CMB analysis that accounts for the
updated constraints on τ. Unfortunately, at the time when the
core work of this article was being performed, these results had
not yet been released by the Planck Collaboration, nor were
the improved polarisation maps and power spectra available.
Instead, we had to use the public Planck likelihood codes (Planck
Collaboration XI 2016) to generate updated sets of cosmological
constraints, based on the Planck 2015 dataset. In doing so, we
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Fig. B.1. Comparison of the cosmological analysis of the Planck CMB products used in this paper with the original constraints of Planck
Collaboration XIII (2016) in a flat ΛCDM Universe (1σ and 2σ contours).

only account for the temperature power spectrum (TT) at both
high and low multipole values (`), we ignored any polarisation
constraints, but replaced the low-` polarisation likelihood by a
Gaussian prior on τ = 0.055 ± 0.009 mimicking the measure-
ment obtained by Planck Collaboration Int. XLVI (2016).

In addition to the temperature and polarisation power spec-
tra, the Planck Collaboration also released a reconstructed map
of the lensing potential distorting the CMB, as well as its
power spectrum (Planck Collaboration XV 2016). The latter can
also be used to constrain cosmological parameters based on
the large-scale structures at intermediate redshifts (with maxi-
mum contribution from z ∼ 2–3). We include the official Planck

likelihood for the power spectrum of the lensing potential in
our reanalysis. Intuitively, excluding the lensing constraints from
the analysis might seem to better decouple probes of early
large-scale structures (the primary CMB) from late time tracers
(the XXL clusters); however, this is actually not the case. The
same lensing effects are indeed already included in the analy-
sis of the temperature power spectrum and, as shown in Planck
Collaboration Int. LI (2017), play a major role in the derivation
of a high σ8 value from Planck: high matter fluctuations are
favoured to explain the significant smoothing of high-` acous-
tic peaks, a natural consequence of CMB lensing. However, the
direct modelling of the lensing potential power spectrum does
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Fig. B.2. Comparison of the cosmological analysis of the Planck CMB products used in this paper with the original constraints of Planck
Collaboration XIII (2016) in a flat wCDM Universe (1σ and 2σ contours).

not require such high fluctuations and adding it to the analy-
sis provides a more balanced view of the constraints originating
from CMB lensing.

Figures B.1 and B.2 show a comparison between our new
Planck CMB constraints and those provided by the Planck 2015
public MCMC chains, respectively, for the flat ΛCDM and
wCDM models. In the first case, as expected, the new con-
straints on τ results in somewhat narrower credibility intervals
and a lower value for σ8 (by roughly 0.5σ). However, this also
impacts the other parameters to a similar amount with higher
values of Ωm and Ωb and, correspondingly, a lower value of H0.

This latter change actually compensates in part the decrease in
σ8 so that, in the end, the net impact on late time structures and
the cluster density is negligible (see predictions in Fig. 1). In
the wCDM case, the errors from the primary CMB alone are
much larger and the shifts due to the lower value of τ are not
as significant. Our updated Planck 2015 results still show good
consistency with a ΛCDM model, with best-fitting parameters in
slight tension with some observations of the late time large-scale
structures (Hildebrandt et al. 2017) or distance scale indicators
like Cepheids (Riess et al. 2018). Mean and standard deviations
for each parameter in our chains are provided in Appendix C.
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Table C.1. Primary CMB constraints for the flat ΛCDM model.

Parameter WMAP9 Planck15 Planck (this work) Planck18 XXL-C1 C1+KiDS

h 0.700 ± 0.022 0.6783 ± 0.0092 0.6740 ± 0.0069 0.6736 ± 0.0054 0.609 ± 0.073 0.740 ± 0.049
Ωb 0.0463 ± 0.0024 0.0484 ± 0.0010 0.0489 ± 0.0008 0.0493 ± 0.0006 0.062 ± 0.015 0.042 ± 0.007
Ωm 0.279 ± 0.025 0.308 ± 0.012 0.313 ± 0.009 0.315 ± 0.007 0.399 ± 0.094 0.312 ± 0.049
σ8 0.821 ± 0.023 0.8149 ± 0.0093 0.8108 ± 0.0066 0.8111 ± 0.0061 0.721 ± 0.071 0.719 ± 0.064
ns 0.972 ± 0.013 0.9678 ± 0.0060 0.9651 ± 0.0047 0.9649 ± 0.0042 0.965 ± 0.023 1.07 ± 0.13
τ 0.089 ± 0.014 0.066 ± 0.016 0.0566 ± 0.0083 0.0543 ± 0.0074 - -

Notes. The parameter value corresponds to the mean over the Markov chain, while the error shows the standard deviation. No results are provided
for the combination of Planck and C1 clusters since, for such a small number of parameters, the Planck constraints will fully dominate the results.

Table C.2. Primary CMB constraints for the flat wCDM model.

Parameter Planck15 Planck (this work) Planck18 XXL-C1 C1+Planck

h 0.82 ± 0.12 0.83 ± 0.11 0.87 ± 0.09 0.669 ± 0.070 0.681 ± 0.065
Ωb 0.035 ± 0.011 0.0343 ± 0.0097 0.0310 ± 0.0071 0.051 ± 0.011 0.0491 ± 0.0090
Ωm 0.224 ± 0.074 0.219 ± 0.063 0.197 ± 0.046 0.328 ± 0.067 0.316 ± 0.060
w −1.41 ± 0.35 −1.44 ± 0.30 −1.57 ± 0.25 −1.53 ± 0.62 −1.02 ± 0.20
σ8 0.925 ± 0.094 0.930 ± 0.082 0.964 ± 0.069 0.775 ± 0.078 0.814 ± 0.054
ns 0.9681 ± 0.0061 0.9669 ± 0.0048 0.9666 ± 0.0041 0.966 ± 0.023 0.9649 ± 0.0048
τ 0.060 ± 0.019 0.055 ± 0.009 0.052 ± 0.007 - 0.0559 ± 0.0087

Notes. The parameter value corresponds to the mean over the Markov chain, while the error shows the standard deviation.

As the present paper was being submitted, the Planck Col-
laboration released their final set of cosmological parameters
(Planck Collaboration VI 2018), including improved data anal-
ysis, likelihoods, and the new constraints on optical depth and
accurate polarisation power spectra at all scales. For refer-
ence, we incorporated these new constraints in the cosmological
parameter tables provided in Appendix C. Our results compare
very well with the final Planck measurements. The uncertainties
on individual parameters only decrease by 10–20% and 20–30%
respectively for the ΛCDM and wCDM models with the final
results. In addition, the offset in the best-fit cosmological models
is in all cases smaller than the final Planck uncertainties. Given
the current constraining power of our XXL analysis, such dif-
ferences would have negligible impact on the conclusions of our
work.

Appendix C: Derived cosmological parameters

This appendix lists all the cosmological parameter constraints
obtained in this paper, together with similar constraints from
the latest releases of the WMAP (Hinshaw et al. 2013)
and the Planck satellite (Planck Collaboration XIII 2016).
In Table C.1 we provide results for the flat ΛCDM case,
while Table C.2 shows the constraints achieved in a wCDM
model.

Appendix D: Impact of priors on the XXL C1
analysis

In Sect.3.1, we describe a number of priors applied to the analy-
sis of the XXL clusters alone in order to fix some parameters that
our clusters cannot efficiently constrain (ns, Ωb through the com-
bination Ωbh2) and mitigate the degeneracy between h, Ωm, and

σ8 (using priors on Ωmh2 and h separately). Of course, these pri-
ors could have a significant impact on the comparison between
the XXL clusters and Planck.

In order to assess the importance of our choice of priors, we
used importance sampling methods to modify the priors on our
chains and derive alternative constraints:

– Impact of Planck derived priors. Our priors on ns, Ωbh2, and
Ωmh2 are centred on the Planck best-fit value, with Gaus-
sian errors scaled by a factor 5 with respect to the Planck
constraints. We opted for a factor of 5 in order not to force
the XXL C1 constraints toward an artificial agreement with
Planck, but other choices were possible. In Tables D.1 (for
the ΛCDM model) and D.2 (for the wCDM model), we
present alternative constraints rescaling instead the errors
by factors of 10, 3, and 1. The results are essentially the
same with slight but insignificant shifts of the average val-
ues for all parameters. The resulting errors on ns directly
scale with the width of the priors, as expected since the XXL
C1 cluster alone do not bring significant constraints on this
parameter. For all other parameters, the errors do not change
significantly.

– We also performed a similar exercise for the prior on h. For
priors still centred on h = 0.7, we changed the Gaussian stan-
dard deviation from the initial 0.1 to 0.05 and 0.2. The XXL
clusters alone favour a value of h lower than 0.7 in for both
cosmological models, and therefore tighter priors on h push
the best-fit value higher. Given the Planck priors on Ωbh2

and Ωmh2, which the cluster fit tightly follow, the values of
the matter densities diminish accordingly. Shifts on σ8 and
w also occur, but stay well within 1σ.

From these basic sanity checks, we conclude that the results pre-
sented in the paper for the XXL C1 clusters alone do not depend
much on the details of our chosen priors and can be considered
robust.
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Table D.1. Impact of priors on the XXL C1 cosmological fits for the ΛCDM model.

Parameter Default σ(Planck) × 10 σ(Planck) × 3 σ(Planck) × 1 σ(h) = 0.2 σ(h) = 0.05

h 0.609 ± 0.073 0.615 ± 0.075 0.608 ± 0.073 0.608 ± 0.073 0.572 ± 0.075 0.668 ± 0.048
Ωb 0.062 ± 0.015 0.061 ± 0.015 0.063 ± 0.015 0.063 ± 0.015 0.071 ± 0.017 0.051 ± 0.008
Ωm 0.399 ± 0.094 0.395 ± 0.093 0.401 ± 0.095 0.401 ± 0.096 0.452 ± 0.106 0.326 ± 0.049
σ8 0.721 ± 0.071 0.716 ± 0.076 0.720 ± 0.071 0.721 ± 0.070 0.706 ± 0.073 0.744 ± 0.065
ns 0.965 ± 0.023 0.964 ± 0.041 0.965 ± 0.014 0.965 ± 0.005 0.964 ± 0.023 0.966 ± 0.023

Notes. The XXL derived constraints are provided for different widths of the priors on ns, Ωbh2, and Ωmh2, rescaling the Planck constraints by a
factor of 10, 3, and 1 instead of the factor 5 used for the main results.

Table D.2. Impact of priors on the XXL C1 cosmological fits for the wCDM model.

Parameter Default σ(Planck) × 10 σ(Planck) × 3 σ(Planck) × 1 σ(h) = 0.2 σ(h) = 0.05

h 0.669 ± 0.070 0.659 ± 0.071 0.670 ± 0.069 0.665 ± 0.069 0.660 ± 0.079 0.689 ± 0.047
Ωb 0.051 ± 0.011 0.053 ± 0.012 0.051 ± 0.011 0.052 ± 0.011 0.053 ± 0.012 0.047 ± 0.007
Ωm 0.328 ± 0.067 0.335 ± 0.067 0.327 ± 0.067 0.332 ± 0.068 0.338 ± 0.075 0.304 ± 0.044
w −1.531 ± 0.621 −1.587 ± 0.606 −1.509 ± 0.626 −1.484 ± 0.597 −1.508 ± 0.634 −1.574 ± 0.592
σ8 0.775 ± 0.078 0.776 ± 0.075 0.774 ± 0.079 0.770 ± 0.079 0.771 ± 0.080 0.787 ± 0.075
ns 0.966 ± 0.023 0.972 ± 0.044 0.965 ± 0.014 0.965 ± 0.005 0.965 ± 0.023 0.966 ± 0.023

Notes.The XXL derived constraints are provided for different widths of the priors on ns, Ωbh2, and Ωmh2, rescaling the Planck constraints by a
factor of 10, 3, and 1 instead of the factor of 5 used for the main results.

Appendix E: Quantifying the consistency of
different probes

To quantitatively assess the compatibility of our XXL C1 results
with the Planck constraints, we rely on the Index of Inconsis-
tency (IOI; Lin & Ishak 2017). To compare two datasets given
a model, it simply measures the multi-dimensional distance
between the best fits for each probe, µ = P(1)

− P
(2), using the

covariance of each fit (C(1), C(2)) to define a metric as

IOI =
1
2
µT

(
C(1) + C(2)

)−1
µ. (E.1)

The interpretation of the IOI by Lin & Ishak (2017) relies on
assigning compatibility levels for different ranges of the parame-
ter, in a similar manner to the Jeffreys scale (Jeffreys 1961) used
for model selection in Bayesian statistics. However, the justifica-
tion for this procedure remains rather vague and, strangely, does
not depend on the number of parameters in the model, Np. More
interestingly, the authors correctly note the functional similarity
of this statistic to χ2 and deduce that the confidence level can be
derived as n –σ =

√
2IOI when comparing two one-dimensional

distributions. Actually, for posteriors approaching Gaussian dis-
tributions, we can show that 2IOI should be distributed as a χ2

distribution with Np degrees of freedom.
In our case, since our posteriors deviates slightly from Gaus-

sian distributions, we prefer to connect the measured IOI with
confidence levels using Monte Carlo simulations. To do so, we
translate the posterior distributions by substracting from them
the best-fit parameters. The two posteriors are therefore cen-
tred on the same value and the points in our chain represent

random fluctuations due to the precision of each experiment
when both originate from the same model parameters. We use
these fluctuations to generate draws of µ and the correspond-
ing IOI, and to obtain a cumulative probability distribution for
the IOI. Finally, we estimate from this the probability to exceed
(PTE) the observed IOI and the corresponding significance level.
Since our Planck and XXL C1 posterior are not too different
from Gaussian distributions, the significance levels obtained by
this method are very similar to the values obtained from the
identification with a χ2.

Appendix F: Notations for galaxy cluster
quantities

Throughout the paper we use a consistent set of notations laid
out for the entire XXL survey to designate cluster physical quan-
tities. Subscripts indicate the extraction radius within which
the value was measured or, when the quantity is the radius
itself, its definition. A unitless extraction radius, usually 500,
refers to an overdensity factor with respect to the critical den-
sity of the Universe. When relevant, an additional flag may be
appended to the radius definition to specify the origin of the
overdensity radius estimate, WL for a direct weak lensing mass
estimate or MT when it relies on the measured X-ray tempera-
ture combined with a scaling relation. Finally, an XXL superscript
for a luminosity explicitly indicates that it was estimated for
the rest frame [0.5–2] keV band and corrected for galactic
absorption. Subscripts and superscripts may be omitted when
referring to generic quantities, for which the exact definition is
irrelevant.
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