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ABSTRACT

High-mass clusters at low redshifts have been intensively studied at various wavelengths. However, while more distant objects at lower masses
constitute the bulk population of future surveys, their physical state remain poorly explored to date. In this paper, we present resolved observations
of the Sunyaev-Zel’dovich (SZ) effect, obtained with the NIKA2 camera, towards the cluster of galaxies XLSSC 102, a relatively low-mass system
(M500 ∼ 2 × 1014 M�) at z = 0.97 detected from the XXL survey. We combine NIKA2 SZ data, XMM-Newton X-ray data, and Megacam optical
data to explore, respectively, the spatial distribution of the gas electron pressure, the gas density, and the galaxies themselves. We find significant
offsets between the X-ray peak, the SZ peak, the brightest cluster galaxy, and the peak of galaxy density. Additionally, the galaxy distribution
and the gas present elongated morphologies. This is interpreted as the sign of a recent major merging event, which induced a local boost of the
gas pressure towards the north of XLSSC 102 and stripped the gas out of the galaxy group. The NIKA2 data are also combined with XXL data
to construct the thermodynamic profiles of XLSSC 102, obtaining relatively tight constraints up to about ∼r500, and revealing properties that are
typical of disturbed systems. We also explore the impact of the cluster centre definition and the implication of local pressure substructure on the
recovered profiles. Finally, we derive the global properties of XLSSC 102 and compare them to those of high-mass-and-low-redshift systems,
finding no strong evidence for non-standard evolution. We also use scaling relations to obtain alternative mass estimates from our profiles. The
variation between these different mass estimates reflects the difficulty to accurately measure the mass of low-mass clusters at z ∼ 1, especially
with low signal-to-noise ratio data and for a disturbed system. However, it also highlights the strength of resolved SZ observations alone and in
combination with survey-like X-ray data. This is promising for the study of high redshift clusters from the combination of eROSITA and high
resolution SZ instruments and will complement the new generation of optical surveys from facilities such as LSST and Euclid.

Key words. techniques: high angular resolution – galaxies: clusters: individual: XLSSC 102 – galaxies: clusters: intracluster medium –
X-rays: galaxies: clusters

1. Introduction

In our current cosmological paradigm, galaxy clusters form at
the intersection of filaments in the cosmic web and trace the
peaks of matter density in the Universe. They can thus be used to
test cosmological models and address questions in fundamental
physics, in particular by measuring their abundance as a function
of mass and redshift, which is sensitive to both the expansion of
the Universe and the growth history of large scale structures (see

? Based on observations carried out under project number 179-17 and
094-18, with the NIKA2 camera at the IRAM 30 m Telescope. IRAM is
supported by INSU/CNRS (France), MPG (Germany) and IGN (Spain).
?? Based on observations obtained with XMM-Newton, an ESA sci-
ence mission with instruments and contributions directly funded by
ESA Member States and NASA.

e.g. Albrecht et al. 2006; Allen et al. 2011; Weinberg et al. 2013;
Huterer et al. 2015). The cosmological use of clusters requires
the precise measurement of their masses and the control of any
bias related to their formation and evolution.

Galaxy clusters are made of dark matter, hot gas (the intra
cluster medium, ICM), and galaxies that interact together. They
are, therefore, key environments for the study of the co-evolution
of dark and baryonic matter. They can be studied at different
wavelengths, as their galaxies principally emit in the optical and
infrared (IR) and the ICM shines in X-ray and leaves an imprint
in the cosmic microwave background, known as the Sunyaev-
Zel’dovich (SZ) effect (Sunyaev & Zel’dovich 1972, 1980),
observable at millimetre wavelengths. In surveys, the cluster
total mass can be inferred from those observables, through the
use of scaling relations. This is derived from the idea that at first
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Table 1. Main properties of XLSSC 102.

ID RA Dec z T300 kpc λ0.5 Mpc MXXL
500,scal MXXL

500,MT? MXXL
500,MT?,? MACT,UPP

500c MACT,cal
500c

(–) (deg) (deg) (–) (keV) (–) (1014 M�) (1014 M�) (1014 M�) (1014 M�) (1014 M�)

XLSSC 102 31.322 −4.652 0.969 3.9+0.8
−0.8 25 ± 8 2.6 ± 1.1 1.9 ± 1.1 1.17+1.16

−0.60 3.1+0.5
−0.4 4.6+1.1

−1.0

Notes. Columns 1 to 5: XXL ID, coordinates, spectroscopic redshift and X-ray temperature from Adami et al. (2018, hereafter XXL Paper XX),
Col. 6: optical richness from Ricci et al. (2018, hereafter XXL Paper XXVIII), Cols. 7 to 9: mass estimates from XXL scaling relations (see
XXL Paper XX; XXL Paper II; Umetsu 2020, for Cols. 7, 8 and 9 respectively), Cols. 10 and 11: mass estimates from the ACT survey (Hilton
et al. 2018). See Sect. 5.3 for details.

order, clusters can be seen as self-similar objects, whose forma-
tion is driven by gravitation only (Kaiser 1986).

In reality, clusters are affected by complex physical processes,
due to the interplay between their gas, galaxies and dark mat-
ter (merger induced shocks, active galactic nuclei (AGN) feed-
back, etc), which introduce bias and scatter in the scaling relations
and affect cluster detection (see Pratt et al. 2019, for a review).
The correct modelling of cluster physics constitutes the main
current limitation of cluster cosmological analyses (e.g. Planck
Collaboration XXIV 2016; Planck Collaboration XX 2014, here-
after Planck XX). Thus, to fully exploit the statistical power
of surveys, precise individual measurements, obtained through
pointed observations, are also required. Indeed, they allow for an
in-depth characterisation of the astrophysical processes at place
in clusters (e.g. Maughan et al. 2007; Eckert et al. 2017) and serve
as references to test the hypotheses used in surveys or calibrate
their mass scale. Moreover, the characterisation of clusters bene-
fits from multi-wavelength approaches. It permits a better under-
standing of their formation and evolution and allows for a more
realistic modelling of their physics.

So far, most of the cosmological analyses have been limited
to massive clusters up to intermediate redshifts (e.g. Planck XX),
whereas distant clusters have higher cosmological constrain-
ing power, and low-mass clusters are by far more numerous.
Due to their shallow potential wells, low-mass clusters may be
more affected by gas stripping, shock heating, or turbulence that
are caused by merging events as well as AGN feedback (e.g.
McCarthy et al. 2011). Therefore, deviations from self-similar
scaling relations are expected to be enhanced in this regime,
in particular at high redshift, where such effects are more effi-
cient (see e.g. Le Brun et al. 2017). Understanding in depth the
physical properties of low-mass, high-redshift clusters is also
crucial to calibrate numerical simulations that are later used
when comparing cosmological models to observations (see e.g.
the impact of baryonic processes on the halo mass function,
Bocquet et al. 2016, or the effect of cluster properties in
AGN activity Koulouridis et al. 2018 (XXL Paper XXXV);
Koulouridis & Bartalucci 2019).

Despite its importance, the low-mass and high-redshift region
is still unexplored using high resolution SZ observations, due to
the lack of dedicated instruments, while such data would pro-
vide unique insight into the physical properties of these objects.
Indeed, provided that sufficiently deep and resolved observations
are available, the thermal SZ effect (hereafter referred to as “SZ
effect”) is very useful to study the dynamical state of clusters,
since merging events cause over-pressure in the ICM (see e.g.
Pointecouteau et al. 1999; Komatsu et al. 2001). Moreover, the
integrated SZ flux, Y , directly probes the overall thermal energy
of clusters, and has been shown to closely track the clusters’
total masses (see e.g. Planck XX), with a low intrinsic scatter.
Finally, the SZ surface brightness is independent of redshift. Con-
sequently, resolved SZ observations, combined with optical/NIR
and X-ray data, offer a unique opportunity to study in depth the
physics of distant clusters.
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Fig. 1. Location of XLSSC 102 (indicated by the green star) in the
mass-redshift plane, and comparison to the distribution of X-ray and
SZ cluster samples. The C1 and C2 XXL clusters with spectroscopic
redshift measurements XXL Paper XX are shown by the grey crosses.
Their masses are derived from internal scaling relations (M500,scal). The
Planck SZ sample (Planck Collaboration XXVII 2016) and the ACT
sample (Hilton et al. 2018) are shown by the red circles and the blue
squares, respectively. The dashed line indicates the expected eROSITA
limiting mass corresponding to a detection limit of 50 photons in the
0.5–2.0 keV band and an exposure time of 1.6 ks (see Bocquet et al.
2016).

In this paper, we present the multi-wavelength analysis of
the galaxy cluster XLSSC 102 at z = 0.97. This object was inde-
pendently detected in X-rays by the XXL survey (Pacaud et al.
2016, hereafter XXL Paper II), via the SZ effect by the ACT sur-
vey (Hilton et al. 2018) and in the optical by, for instance, the
WaZP and CAMIRA cluster finder algorithms (Benoist 2014;
Oguri et al. 2018). Recently, we observed XLSSC 102 with the
NIKA2 high resolution millimetre camera (Adam et al. 2018).
The main properties of XLSSC 102 derived from previous anal-
yses are presented in Table 1. As shown in Fig. 1, the mass of
this cluster is estimated to be M500 ∼ 2 × 1014 M� (see Table 1),
and it thus resides in the high mass tail of XXL detections but
in the low-mass tail of SZ samples. Our goal is to combine SZ,
X-ray, and optical data in order to fully characterise the physics
of this cluster and study its impact on the thermodynamic pro-
files and integrated quantities; in particular, those that drive clus-
ters detection and mass estimation in surveys. The final aim is
then to investigate and quantify the systematics and biases that
may affect cosmological samples that extend to unexplored mass
and redshift regimes, but for which the detection and the mass
estimation are usually done by “blindly” applying methods that
pertain to massive, low redshift relaxed clusters.

This paper is organised as follows: in Sect. 2 we present
the NIKA2 SZ, Megacam optical/NIR, and XMM-Newton
X-ray data; in Sect. 3, we use these data to study the morphology
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of XLSSC 102 and assess its dynamical state; in Sect. 4, we
compute the thermodynamic profiles of XLSSC 102 and inves-
tigate their stability under different centring definitions and with
respect to its internal structure. We then derive the global proper-
ties of XLSSC 102 and compare them to that of low redshift mas-
sive systems and expectations from scaling relations in Sect. 5.
Finally, we give our conclusions in Sect. 6.

Throughout this paper, we assume a flat ΛCDM cosmology
with H0 = 70 km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7. We refer
to overdensity scaled radii as r∆, and other quantities Q com-
puted within these radii as Q∆. The overdensity contrast ∆ is
defined with respect to the critical density of the Universe at the
cluster’s redshift (see Eq. (12)). At the cluster redshift, 1 arcmin
corresponds to 477 kpc.

2. Data

In this section we present the NIKA2, XMM-Newton and Mega-
cam data used for the multi-wavelength analysis of XLSSC 102.

2.1. NIKA2 Sunyaev-Zel’dovich data

The SZ data were obtained with the dual band NIKA2 millimetre
camera (Adam et al. 2018; Perotto et al. 2020), installed at the
IRAM 30m telescope. NIKA2 is operating with kinetic induc-
tance detectors (KIDs, Monfardini et al. 2011; Bourrion 2016;
Calvo et al. 2016) disposed in three arrays: two with a max-
imum transmission around 260 GHz (A1 and A3) and one at
150 GHz (A2). Its large field of view (6.5 arcmin) coupled with
its high angular resolution (17.7′′ beam at 150 GHz and 11.2′′ at
260 GHz) makes it particularly well-suited to observe the inner
structure of galaxy clusters.

The data presented in this study correspond to∼6.6 h (23.8 ks)
of un-flagged observations, obtained during the winter pool 2018,
with average weather conditions, that is, with a typical opacity of
τ150GHz ∼ 0.15. The scanning strategy consisted of a series of
8×4 on-the fly scans, oriented in the RA−Dec coordinate system
along six different directions, to minimise residual striping pat-
terns in the maps. We defined the reference pointing coordinate
as the position of the X-ray centroid measured from the XXL sur-
vey (RA : 33.322 deg; Dec : −4.652 deg, J2000). We verified the
calibration using Uranus scans taken around the same time as our
target cluster, and thus reflecting the effective performance at that
time. For each scan we measured the source flux and the size of
the beam for each matrix. We obtain beam FWHM of 12.1′′±0.4′′
for A1, 12.1′′±0.4′′ for A3 and 18.0′′±0.3′′ for A2, absolute cal-
ibration uncertainties of 7%, 8% and 4% for A1, A3 and A2 and
root mean square pointing errors of 2.2′′ per scan for A1 and A3
and 2.3′′ for A2. The performance that we measure is in agree-
ment with that expected from the science verification run (Adam
et al. 2018; Perotto et al. 2020).

The time ordered data of each individual scan were pro-
cessed to remove the contribution of atmospheric and electronic
correlated noise and to obtain surface brightness maps follow-
ing the procedure described in Catalano et al. (2014) and Adam
et al. (2014, 2015). The maps were latter inspected to flag and
remove bad quality scans, presenting excessive noise spatial cor-
relation. Finally, we combined the scans to obtain co-added sur-
face brightness maps and jackknife maps. The latter were used
to generate Monte Carlo realisations of the noise and compute
the noise covariance matrix, following the procedure described
in Adam et al. (2016). The transfer function linked to the data
reduction procedure was computed by comparing the input and
the output images of mock realisations of simulated data pro-

cessed through the pipeline, as described in Adam et al. (2015).
This showed that the large scales, especially beyond the field of
view (6.5′), are filtered out (see Fig. A.1). The transfer function,
interpolated using a parametric function (polynomial plus expo-
nential cutoff), is taken into account is the rest of the analyse.

While NIKA2 provides imaging at both 260 and 150 GHz,
we focus in this paper on the 150 GHz data because it is the
channel in which the SZ signal is recovered with sufficient sig-
nificance. The 260 GHz channel is only used to control contam-
ination from point sources and no SZ emission is detected there,
as expected given the noise amplitude and the signal strength.
The strength of the kinetic SZ effect expected for even the most
extreme objects (see e.g. Mroczkowski et al. 2012; Sayers et al.
2013; Adam et al. 2017b) is well below the sensitivity of our
measurements. In the following we will thus assume that the SZ
signal is dominated by its thermal component.

2.2. XMM-Newton X-ray data

The X-ray data used in this study come from the XXL survey
(Pierre et al. 2016, XXL Paper I), which is an XMM-Newton
project designed to provide a well defined sample of galaxy clus-
ters out to redshift above unity, suitable for precision cosmol-
ogy, and for the analysis of galaxy evolution and active galactic
nuclei (see Pierre et al. 2011). XLSSC 102 was detected as one of
the hundred brightest clusters in the XXL survey XXL Paper II
and its redshift has been confirmed using member galaxy spectra
(see XXL Paper XX, for the procedure). We reduced the XMM-
Newton data with XMMSAS v16.1 and the pipeline developed in
the framework of the XMM-Newton Cluster Outskirts Project
(X-COP, Eckert et al. 2017). The procedure for data reduction
is described in detail in Ghirardini et al. (2019, see their Sect. 2).
After performing the standard data reduction steps for the three
EPIC detectors, we filtered out time periods of flaring soft pro-
ton activity with the mos-filter and pn-filter tools. We
extracted X-ray count maps in the [0.5–2] keV band and from the
cleaned event files and used the XMMSAS tool eexpmap to extract
exposure maps including vignetting effects. We used a collection
of filter-wheel-closed data to model the spatial distribution of
the non X-ray background, and rescaled the filter-wheel-closed
dataset such that the high-energy count rates matches the count
rates measured in the corners of the detectors, which are located
outside of the field of view of the telescopes. The resulting count
maps, exposure maps and background maps were co-added to
create combined EPIC maps. We repeated the same procedure
for the two XXL pointings where the source was included and
combined the images to create a mosaic image of the field. For
more details on the analysis procedure, we refer the reader to
Ghirardini et al. (2019). On the first pointing, the exposure time
is 10.4 ks and the cluster position is separated by an angle of
7.0 arcmin from the pointing centre. On the second pointing, the
exposure time is 7.7 ks and the off-axis angle of XLSSC102 is
13.3 arcmin. After correcting for vignetting effect, this leads to
an effective exposure time of 6.2 ks for the co-added map.

2.3. Megacam optical/NIR data

We used data taken with the optical and near infrared wide
field imager MegaCam1 in the five pass-bands: u∗, g′, r′,
i′ and z′, from approximately 350 to 1000 nm, as part of

1 See http://www.cfht.hawaii.edu/Instruments/Imaging/
Megacam/
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Fig. 2. Multi-wavelength view of XLSSC 102. The size of the images is 2.4 × 2.4 Mpc2 and the S/N contours start at S/N = 2 and increase by
step of one (left and middle) and two (right). The maps are smoothed to an effective resolution of 27 arcsec (left, middle) and 54 arcsec (right), as
indicated by the circles on the bottom left corners. The projection of the maps is given in the international celestial reference system (ICRS). Left:
map in the 150 GHz NIKA2 band. The S/N contours are shown in green. We masked the regions where the noise is higher than 25% with respect
to the centre. Middle: surface brightness map in the [0.5–2] keV XMM-Newton band. The S/N contours are shown in cyan and the masked white
regions correspond to AGN. Right: composite optical image of XLSSC 102 made of Hyper Suprime-Cam images taken in the R, I and Z filters.
The galaxy density map S/B contours are over-plotted in white and the BCG is indicated by the yellow circle.

the Canada-France-Hawai Telescope Legacy Survey (CFHTLS,
Gwyn 2012). The source detection and characterisation were
performed upstream and we thus directly used the galaxy photo-
metric catalogue.

XLSSC 102 falls in the W1 field of the CFHTLS, where the
photometry of extended sources reaches a 80% completeness of
24.0 ± 0.1 mag in the r′ band (Hudelot et al. 2012). We used the
most recent version of the data release, T007, for which a cata-
logue of photometric redshifts, obtained with the LePhare code,
is also available (see Ilbert et al. 2006; Coupon et al. 2009). The
set of SED templates used for their computation was constructed
using elliptical, spiral (SBc and Scd) and irregular galaxy tem-
plates from Coleman et al. (1980), and two star-forming galaxy
templates from Kinney et al. (1996). The statistical choice to get
discrete photometric redshift values from their probability distri-
bution function was to take the median value. Only the objects
with reliable photometric redshift were included in the final cat-
alogue. This catalogue was then cut at a magnitude of i′ = 24 to
remove unreliable detections, and other criteria were applied to
select the member galaxies (see Sect. 3.1 for details).

In addition to the CFHTLS galaxy catalogue we also used for
visualisation purposes the images taken with the Hyper Suprime-
Cam (HSC) Subaru telescope as part of the Subaru Strategic Pro-
gram (SSP, Aihara et al. 2018a)2. This is motivated by the fact
that the HSC-SSP images are deeper than those of the CFHTLS,
but that their photometric redshifts are of comparable quality to
that of the CFHTLS at z ∼ 1, due to their lack of u∗ band data
(Tanaka et al. 2018).

The brightest cluster galaxy (BCG) of XLSSC 102 was iden-
tified by XXL Paper XXVIII. It has a magnitude of 20.82± 0.03
in the i′ band and its coordinates are RA : 31.3196 deg, Dec:
−4.6556 deg.

3. Multi-wavelength morphological analysis

In order to characterise the physical state of XLSSC 102, at such
low-mass, high redshift, and given the moderate S/N of our data,
we use and compare different morphological estimators at differ-

2 The fits files were taken from the HSC public database, http://
hsc.mtk.nao.ac.jp/ssp/data-release/

ent wavelengths. In this section we present our method to deter-
mine the morphology of XLSSC 102 from SZ, optical and X-ray
data and estimate its associated uncertainties. We then perform
a multi-wavelength comparison and discuss its interpretation in
terms of cluster dynamics.

3.1. Image processing

In SZ. Point sources, such as dusty and radio galaxies, are
known to be a major contaminant for the SZ signal at millimetre
wavelengths, and may affect the recovery of cluster morpholo-
gies. We thus checked the FIRST (Becker et al. 1995) 1.4 GHz
data, and we found that no radio sources are detected in our field.
Assuming galaxies with standard radio spectral indices (typi-
cally ∼−0.7 ± 0.2, see Witzel et al. 1979), we expect any radio
source to be negligible in the NIKA2 bands around our clus-
ter. We then used the 260 GHz map to search for dusty galaxies
and we found two sources with a S/N greater than four within
2 arcmin of the cluster centre. We removed their contribution in
the 150 GHz map by fitting their flux following the procedure
given in Adam et al. (2016). We do not expect any contamina-
tion of the cluster SZ signal as the sources are located at more
than 1.2 arcmin from the cluster centre. The 150 GHz map was
then smoothed to reach an effective resolution θeff = 27 arcsec
and the signal to noise (S/N) was estimated by applying the same
filtering to the Monte Carlo realisations of the noise discussed in
Sect. 2 (see Adam et al. 2016, for the procedure). The resulting
map and S/N contours are presented in the left panel of Fig. 2.
At this resolution, the cluster signal reaches an S/N of 6.9 at the
peak.

In X-ray. The surface brightness map of XLSSC 102
was created by dividing the background subtracted co-added
[0.5–2] keV count rate map by the corresponding exposure map.
The image was then smoothed to reach the same mean effec-
tive resolution θeff as that of the SZ map and the S/N was
defined by propagating Poisson errors. Several bright point
sources are present in the field (Chiappetti et al. 2018, here-
after XXL Paper XXVII) and one in particular may contaminate
the cluster signal. To reduce their contribution, we measured the
median pixel values defined in rings of 20–25 arcsec from their
centres and used these to fill the regions enclosed within a radius
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of 20 arcsec. After smoothing the map, the point sources were
finally masked by discs of 30 arcsec radii. The resulting surface
brightness image is shown in the middle panel of Fig. 2. We can
see that at this resolution we reach a S/N of 6.6 at the peak.

In the optical. In order to analyse the distribution of galaxies
we created a background corrected galaxy density map, using
Gaussian filtering with FWHM = 54 arcsec (2 × θeff for SZ and
X-ray images). For this purpose, we first selected galaxies within
a photometric redshift slice centred on the spectroscopic clus-
ter redshift, after accounting for the photometric redshift bias
(see XXL Paper XXVIII, for the procedure). The width of the
slice depends on the galaxy magnitude and has been defined to
select 68% of objects, based on the photometric-spectroscopic
redshift distribution. We then subtracted the density measured in
the background, taken here as the 10× 10 Mpc2 field area centred
on the cluster, after we discarded the regions containing struc-
tures3. We found that the cluster signal was more enhanced with
respect to the background when taking only galaxies with ellip-
tical SEDs (as determined by LePhare), fainter than the BCG
and brighter than m∗ + 14, that is, with 20.821 < i′ < 23.78. We
kept that selection in the following. Instead of S/N we defined
here the signal-to-background ratio (S/B) of the background cor-
rected density map MΣ as:

S/B (MΣ) =
MΣ − Nbkg/Abkg

Nbkg/Abkg
, (1)

with Nbkg the number of galaxies in the effective background
area Abkg. The S/B contours of the optical density map are over-
plotted on the HSC R, I, Z colour image of the XLSSC 102 field
in the right panel of Fig. 2. At the peak, the map reaches a S/B
of 9.2.

Mock realisations. The multi-wavelength comparison is
only meaningful if the confidence intervals of our morphologi-
cal estimators are well measured. For this purpose, we simulated
1000 Monte-Carlo realisations of our three data sets: in SZ, we
modelled the cluster signal and we added noise realisations that
reproduce the statistics of the noise seen in the real data (see
Sect. 2.1); in the X-ray, we computed Poissonian realisations of
idealised maps, composed of a model for the cluster emission
injected in the background maps; in the optical, we also com-
puted Poissonian realisations of idealised maps, composed of a
model for the cluster emission and a constant background. The
value of the background in the optical was measured as the mean
galaxy density in a 10× 10 Mpc2 field where the structures were
masked.

We tested two types of model for the cluster signal: either
constructed from the real data or from the best 2D Gaussian fit
of the real data. We found that the two classes of models give
compatible results and error bars. In the following we use the
model constructed from the data themselves.

3.2. Signal peak position

Our goal is to assess the morphology of the gas and galaxy distri-
butions in XLSSC 102, as revealed by the optical, X-ray and SZ
3 Structures were identified as the regions where the galaxy density
filtered at 4 × θeff is above two times the standard deviation of the map.
4 With m∗ the characteristic magnitude at z = 0.97 expected from
the evolution of an elliptical galaxy that formed its stars at z = 3.
The m∗ model was computed with LePhare using the elliptical galaxy
SED template burst_sc86_zo.sed from the pegase2 library (Fioc
& Rocca-Volmerange 1997). We normalised the model using K∗ values
from Lin et al. (2006) corrected to AB system.
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Fig. 3. Position of the cluster signal peaks (left) and centroids (right) in
the optical density map (black), the SZ map (blue) and the X-ray map
(red). The best-fit coordinates are indicated by the points and the 68%
and 95% confidence regions are shown by the contours. The position of
the BCG is shown by the black crosses.

data. The first pertinent morphological indicator when investi-
gating the signal at different wavelengths is to compare the peaks
of emission, as their possible offsets from one another is a sign
of perturbed dynamical state (see e.g. Pointecouteau et al. 1999;
Katayama et al. 2003; Hudson et al. 2010; Rossetti et al. 2016;
Zhang et al. 2017). We also use the position of the BCG, which
is expected to coincide with the bottom of the cluster potential
well in relaxed clusters (see e.g. Lin & Mohr 2004).

We defined the positions of the SZ, X-ray and optical peaks
as the coordinates of the pixels with maximum signal on the
smoothed surface brightness and galaxy density maps. The sim-
ulated maps were processed in the same way as the true data
maps, and we measured the positions of the peaks on the 1000
Monte-Carlo mock realisations to evaluate the uncertainties.

The positions of the peaks in the three maps and their confi-
dence contours are shown in the left panel of Fig. 3. We can see
that the three 95% confidence regions are in agreement but not
the 68% ones. The BCG position is excluded from the X-ray and
SZ confidence regions at more than 95%, and from the galaxy
density peak confidence region at more than 68%.

3.3. Large scale morphology

Various morphological estimators have been used in the litera-
ture to precisely assess cluster morphology from X-ray, SZ or
optical data (see e.g. Donahue et al. 2016). However, those are
often applied on high signal to noise data and optimised for a
certain wavelength.

Here we chose to estimate the centroid, ellipticity and posi-
tion angle of the signal in the different maps by fitting 2D Gaus-
sian of centre (x0, y0), rotation angle θ and widths (σmin, σmaj).
The ellipticity is then given by:

ε = 1 −
σmin

σmaj
· (2)

Although the profiles are usually parametrised by more complex
functions, we found that the 2D Gaussian fit was appropriate for
a meaningful multi-wavelength comparison at our relatively low
signal to noise. This choice also allows us to make use of all
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Table 2. Morphological measurements in the optical, SZ and X-ray observations of XLSSC 102.

Optical SZ X-ray

Ellipticity (ε) 0.75+0.17
−0.27 0.37+0.13

−0.15 0.15+0.11
−0.12

Major axis position angle (PA) (deg) 205+20
−19 166+22

−20 162+29
−27

Peak position (deg) (31.326+0.006
−0.011, −4.631+0.004

−0.027) (31.319+0.001
−0.001, −4.649+0.002

−0.002) (31.323+0.001
−0.001, −4.654+0.001

−0.001)
Centroid position (deg) (31.325+0.006

−0.009, −4.637+0.009
−0.016) (31.320+0.001

−0.001, −4.650+0.001
−0.001) (31.320+0.001

−0.001, −4.652+0.001
−0.001)

Notes. Errors are estimated from the marginalised probability distribution function (PDF) of the parameters, see Figs. 3 and 4 for the parameters
confidence regions.

SZ X-ray Galaxy density
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Fig. 4. Upper panel: best 2D Gaussian fit over-plotted on the SZ map
(left), the X-ray surface brightness map (middle) and the optical over-
density map (right). The position of the major axis is indicated by the
dashed line. The sizes of the ellipses correspond to the 2D Gaussian
FWHM. Bottom panel: confidence contours of the position angle and
ellipticities, for the SZ image (left, blue), the X-ray map (middle, red)
and the galaxy density (right, black). The crosses indicate the best-fit
parameters.

the signal and not to define a special region, as needed for, e.g.
isophotal measurements.

The simulated maps were processed as the true data maps
and we measured the morphological estimators (ellipticity, posi-
tion angle and centroid positions) in the 1000 Monte-Carlo real-
isations to evaluate their uncertainties.

The positions of the centroids (the centre of the fitted 2D
Gaussian) and their confidence contours are shown in the right
panel of Fig. 3. We can see that the three centroid positions are
compatible at the 68% level. The peak and centroid for each
wavelength are compatible at the 68% level. The positions of the
peaks and centroids are summarised in Table 2. The BCG posi-
tion is also excluded from the X-ray and SZ centroid at more
than 95% confidence, and from the galaxy density centroid at at
least 68% confidence.

The morphological measurements extracted from the 2D
Gaussian fits are shown in Fig. 4 for the three wavelengths. The
upper panels show the 2D Gaussian best fits over-plotted on the
SZ map (left), the X-ray surface brightness map (middle) and
the galaxy density map (right). The bottom panels show the cor-
responding position angles and ellipticity confidence ellipsoids.
The values of the ellipticities and major axis position angles are
given in Table 2. We can see that a null ellipticity of the galaxy

density and the SZ signal is excluded at more than 95%. For the
X-ray emission, a null ellipticity is only excluded at 68%. We
can also note that the galaxy density map of XLSSC 102 is more
elliptical than that of the gas and that the SZ signal is more ellip-
tical than the X-ray emission. The position angles of the SZ and
X-ray emission are almost co-linear but tilted by ∼40 degrees
with respect to the galaxy density axis. As a complementary
dynamical state estimator, we computed the concentration of the
X-ray signal as the ratio of X-ray flux between aperture radii of
40 and 400 kpc, following the method described, for example, in
Rossetti et al. (2017). We find a value of c = 0.044+0.019

−0.011, compat-
ible with that of non cool core clusters, following the classifica-
tion found in the literature (e.g. using the threshold of c < 0.075
as Santos et al. 2008).

3.4. Interpretation by a merging scenario

A multi-wavelength view of XLSSC 102 is shown in Fig. 5.
The SZ and optical S/N contours are over-plotted in green and
magenta, respectively, on the X-ray surface brightness map. The
maps and contours are produced as explained in Sect. 3.1 and
shown in Fig. 2. The BCG is indicated by the magenta cross.
On a large scale (∼0.5 Mpc), we can see that the galaxy over-
density region is elongated along a NE−SW axis, while the SZ
signal and X-ray emission in the inner part are elongated along
a NW−SE axis.

In Fig. 5 we can see that the main peak of the optical den-
sity is highly offset from the BCG (d ∼ 1.5′ or ∼0.7 Mpc), the
X-ray centroid (d ∼ 1.3′ or ∼0.6 Mpc), the X-ray peak (d ∼ 1.4′
or ∼0.7 Mpc), and the SZ peak (d ∼ 1.1′ or ∼0.5 Mpc). If the
tracers of the gas are in good agreement at large scale, at smaller
scales we see that the SZ and X-ray peaks are also offset from
one another (d ∼ 0.4′ or ∼0.2 Mpc). The BCG is also offset from
the X-ray peak (d ∼ 0.2 or ∼0.1 Mpc) and the SZ peak (d ∼ 0.4
or ∼0.2 Mpc).

The ellipticity of XLSSC 102 SZ, X-ray or optical emis-
sion alone cannot be used to distinguish between the effect of
a disturbed dynamical state or triaxiality (see e.g. Cialone et al.
2018). However, taken together and with the other morphologi-
cal indicators it suggests a perturbed morphology due to a merg-
ing event. The fact that the ellipticity is higher for the galaxy
distribution than for the gas and that the SZ signal is more elon-
gated than the X-ray one is in agreement with a post-merger sce-
nario. The offset between the SZ peak, tracing the peak of gas
pressure, and the X-ray peak, tracing the gas density peak, indi-
cates the presence of an over-pressure region and a local boost
in the gas temperature away from the cluster potential well cen-
tre. The offset between the X-ray and SZ peaks has been inves-
tigated in hydro-dynamical simulations by Zhang et al. (2014).
Based on their results, we evaluated that the probability to have
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Fig. 5. Multi-wavelength view of XLSSC 102. Top: composite image
of XLSSC 102. The background optical image is as in the right panel
of Fig. 2, the SZ signal is shown in red and the X-ray signal is shown
in blue. The BCG position is indicated by the black star. Bottom: SZ
S/N contours are over-plotted in green and the galaxy isodensity S/B
contours are over-plotted in magenta on the X-ray surface brightness
map. The smoothing is the same as in Fig. 2. The BCG position is shown
by the magenta cross. The scale is indicated by the black line and the
radius r500 is given by the black dashed circle. The pink arrow represents
the possible merger axis.

an offset of ∼0.2 Mpc or larger at z = 1 for a cluster with mass
higher than M = 1.4 × 1014 M� is around 0.15, and thus not
uncommon. For a high redshift comparison, Mantz et al. (2018)
(XXL Paper XVII) found in their z = 1.99 galaxy cluster an off-
set of ∼35′′ (∼0.3 Mpc at their redshift) between the SZ peak
and the X-ray peak (which coincides with the BCG) albeit with
lower resolution SZ data. The offset between the BCG and the X-
ray centroid is known to be a dynamical state indicator (see e.g.
Hudson et al. 2010; Zhang et al. 2017; Katayama et al. 2003).
As the gas density and the BCG trace the cluster potential well,

their offset should be small in relaxed clusters (see e.g. Lin &
Mohr 2004), but may be high in perturbed clusters.

While the offsets between the BCG, X-ray peak and SZ peak
can be understood in the context of a merger, the location of the
optical density peak with respect to the BCG is more puzzling.
However, we can see that a bright galaxy – possibly a second
BCG – can be seen at the location of the optical density peak.
We note that the galaxies belonging to the northern and southern
groups have compatible photometric redshift and i′ band magni-
tude distributions (according to Kolmogorov–Smirnov tests).

A plausible explanation, illustrated on the composite image
shown in Fig. 5, is that a group of galaxies passed through the
main cluster (located near the X-ray centroid), causing over-
pressure and disturbances in the gas emission and shifting the
optical density peak to the North. The group of galaxies may
have been stripped of its gas during this process, which would
explain the X-ray and SZ signal elongation toward the North.
The enhanced galaxy density in the group, with respect to the
main cluster, could be due to the projection of the merger axis
along the line of sight. However, in absence of enough spec-
troscopic members and without gravitational lensing measure-
ments, such scenario remains speculative. The merging scenario
would indicate that the cluster is in a post-merger state after a
collision with a smaller unit.

4. Profiles of the thermodynamic variables

In the previous section, we show that XLSSC 102 is a perturbed
cluster, likely in a post-merging phase. Hence, it presents a local
over-pressure region and its centre of mass is not well deter-
mined. In this section we combine the SZ and X-ray data to con-
struct the thermodynamic profiles of the ICM in XLSSC 102.
We then measure and discuss the effects of the merging event
and the centre definition.

4.1. Construction of the thermodynamic profiles

We combine NIKA2 and XXL data to derive the 3D thermo-
dynamic profiles of XLSSC 102 ICM. The methodology is
described in the following.

4.1.1. Physical description of the ICM

The SZ surface brightness S SZ is related to the ICM electron
pressure Pe via (see Birkinshaw 1999, for a review):

S SZ(ν) =
σT

mec2

∫
f (ν)(1 + δ(T )) Pe d`, (3)

where σT is the Thomson cross section, mec2 the electron rest
mass energy, f (ν) the SZ frequency spectrum, T the gas temper-
ature, and δ(T ) gives relativistic corrections (Itoh et al. 1998).
We use a mean temperature of 3.9 keV, using the XXL X-ray
temperature estimates (see Table 1) to compute an average rel-
ativistic correction. However, we neglect internal temperature
variation relative to the mean value, as the corresponding change
in the relativistic correction is expected to be about two to three
percents.

The X-ray surface brightness S X is related to the gas density
ne through (see e.g. Böhringer & Werner 2010, for a review):

S X =
1

4π(1 + z)4

∫
n2

eΛ(T,Z)d`, (4)

where Λ(T,Z) is the cooling function, which weakly depends on
temperature and on the ICM metallicity Z.
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Fig. 6. SZ and X-ray visualisation of the input data for the combined analysis. The maximum likelihood model profiles and their 68% confidence
intervals are shown by the red lines, and the bottom plots show the residuals. The error bars indicate the 68% c.i., but they only represent the
diagonal of the covariance matrix as errors are correlated. The bin-to-bin error correlation matrices are shown by the inset figure in each plot. Left:
SZ surface brightness profile as a function of projected radius, centred on the X-ray peak position. The black points show the inverse variance
weighted mean surface brightness in each annulus. The slightly positive value at large projected radius is due to the unconstrained zero level of
the map. As detailed in the text, in practice we use the map and not just the profile. Right: de-projected X-ray electron density profile, centred on
the X-ray peak position. The errors in each bin are highly correlated because of the de-projection scheme.

By combining the electron pressure Pe obtained from SZ
observations with the gas electron density ne obtained from
X-ray observations, and under the assumption of spherical sym-
metry, it is possible to derive the 3D radial profiles of other ther-
modynamic quantities (see e.g. Mroczkowski et al. 2009; Adam
et al. 2015; Ruppin et al. 2018).

The electron temperature is given by:

kB T (r) = Pe(r)/ne(r), (5)

under the ideal gas assumption, with kB the Boltzmann constant.
It is connected to the depth of the cluster potential well, but also
to its dynamical and thermal states. In the following we will
assume thermal equipartition between ions and electrons and we
will thus refer to T as the ICM temperature.

The electron entropy index Ke, which records the thermal
history of the cluster, can be defined as (see Voit 2005):

Ke(r) =
Pe(r)

ne(r)5/3 · (6)

The SZ flux, which is proportional to the cluster total ther-
mal energy, can be given by the spherically integrated Compton
parameter, expressed as a function of the pressure as:

Ysph(R) = 4π
σT

mec2

∫ R

0
Pe(r)r2dr· (7)

The matter distribution can also be constrained, as the gas
mass profile is given by:

Mgas(R) = 4π
∫ R

0
µempne(r)r2dr, (8)

with µe = 1.15 the mean molecular weight per electron and mp
the mass of the proton.

The total hydrostatic mass can be computed as:

MHSE(r) =
−r2

Gµgasmpne(r)
dPe(r)

dr
, (9)

with µgas = 0.61 the mean molecular weight per gas particle,
computed from primordial abundances from Anders & Grevesse

(1989), and G the gravitational constant. Hydrostatic masses are
known to be biased low with respect to true masses because
of the contribution of non thermal pressure support and bulk
motions in the gas (see Ettori et al. 2013, for a review). The total
true mass is thus related to the hydrostatic mass via the hydro-
static bias bHSE as:

MHSE(R) = (1 − bHSE)Mtot(R), (10)

where bHSE may also depend on the radius, the mass scale or
other cluster properties, such as the dynamical state. By com-
bining Eq. (8)–(10), we can also define the gas fraction profile
as:

fgas(R) =
Mgas(R)
Mtot(R)

, (11)

which provides a probe of the relative spatial distribution of
dark matter and gas in clusters. Finally, the overdensity contrast
within radius R can be calculated as:

∆(R) =
3Mtot(R)

4πR3ρc(z)
· (12)

with ρc(z) the critical density of the Universe at the cluster’s
redshift.

4.1.2. Input data

The following data were used in order to derive the ICM physical
profiles :

(1) NIKA2 surface brightness map: We used the NIKA2
150 GHz surface brightness map, projected in 5′′×5′′ pixels and
a 5′ field of view in order to lighten the numerical computation.
The associated noise covariance matrix and the transfer function
of the data reduction were computed as described in Sect. 2.1 and
taken into account in the analysis. We consider a spherical model
which contains the same information as the surface brightness
profile presented in the left panel of Fig. 6.

(2) XMM X-ray density profile: To extract the gas density
profile of XLSSC 102, we used the public code pyproffit5,

5 https://github.com/domeckert/pyproffit

A126, page 8 of 20

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201937249&pdf_id=6
https://github.com/domeckert/pyproffit


M. Ricci et al.: The XXL Survey. XLIV.

Table 3. Priors on the model parameters.

Pressure profile Density profile

Parameter P0 rp a b c ne,0 rc β α

Unit (keV cm−3) (kpc) – – – (cm−3) (kpc) – –
Value >0 >50 1.33 ± 0.33 4.13 ± 1.03 0.31 ± 0.08 >0 [0,2000] [0,5] >0

Prior type Flat Flat Gaussian Gaussian Gaussian Flat Flat Flat Flat

which is a Python implementation of the popular Proffit code
(Eckert et al. 2011). The surface brightness profile was accu-
mulated in circular annuli of 5 arcsec width. We conservatively
masked circles of 30 arcsec radius around sources detected by
the XXL pipeline XXL Paper XXVII to avoid contamination by
point-like sources. The multiscale decomposition method intro-
duced by Eckert et al. (2016, XXL Paper XIII) was used to
model the gas distribution and deproject the profile, assuming
the gas distribution is spherically symmetric. Namely, the sur-
face brightness profile was described as a sparse linear combina-
tion of a large number of King functions with fixed radial shape.
The model was convolved with the XMM-Newton PSF and fit-
ted to the data by optimizing the Poisson likelihood function.
Optimization was performed using the Hamiltonian Monte Carlo
code PyMC3 (Salvatier et al. 2016), which is suitable for high-
dimensional optimization problems. The conversion between
count rate and emission measure was calculated by assuming
that the X-ray spectral distribution follows a single-temperature
APEC model with a temperature fixed to the measured spectral
temperature (Giles et al. 2016, XXL Paper III). The covariance
matrix of the resulting gas density profile was computed from the
output PyMC3 chain and taken into account later on in the joint
fitting procedure. The output gas density profile is presented
on the right-hand panel of Fig. 6. The error bars shown here
are the square root of the diagonal elements of the covariance
matrix.

(3) Planck total SZ flux: Because of the large beam
of Planck (10′ for the Compton parameter map, Planck
Collaboration XXII 2016) and the faintness of its signal,
XLSCC102 is not detected in the Planck SZ catalogue (Planck
Collaboration XXVII 2016) at such mass and redshift. Never-
theless, we used the value of the total SZ flux YPlanck

tot measured
in the Planck Compton parameter MILCA map as an extra con-
straint on the cluster total flux to better define the zero level of
the NIKA2 map. This was done by extracting the total SZ signal
at the XXL coordinates in the Planck Compton parameter map
(Planck Collaboration XXII 2016; Hurier et al. 2013), by fitting
2D Gaussian of FWHM equal to the map resolution. The flux
error was estimated by repeating the measurements at random
positions around the cluster. This procedure assumes that our tar-
gets are point sources with respect to the 10′ Planck beam and
provide a constraint on the total SZ flux (equivalent to the Y5θ500

definition used in Planck Collaboration XXVII 2016). We found
YPlanck

tot = 40 ± 57 kpc2.

4.1.3. Fitting procedure

Profile modelling. In order to fit the 3D profiles of the quantities
described above we use a parametric modelling of the electron
pressure and density profiles.

We model the electron pressure profile by a generalised
Navarro, Frenk and White model (gNFW, Nagai et al. 2007)
given by:

Pe(r) =
P0(

r
rp

)c (
1 +

(
r
rp

)a) b−c
a

, (13)

with P0 a normalisation constant, rp = R∆/c∆ the characteristic
radius expressed with c∆ describing the gas concentration, and a,
b and c the parameters describing the slope of the profile at radii
r ∼ rp, r � rp and r � rp, respectively.

We model the electron density profile by a simplified
Vikhlinin model (SVM, Vikhlinin et al. 2006), given by:

ne(r) = ne0

1 +

(
r
rc

)2−3β/2+α/4 (
r
rc

)−α/2
. (14)

In this expression, ne0 is the normalisation, the first term in
bracket corresponds to a β-model with characteristic core radius
rc and outer slope β and the second term allows for modifica-
tion of the inner slope according to the parameter α. The SVM
model parametrisation also includes a third term allowing for a
change of the outer slope. As we aim at an accurate description
of our data with a minimal set of parameters and after testing
different parametrisation we found that adding this terms was
unnecessary.

Fitting algorithm. The profile fitting algorithm was adapted
from that developed in Adam (2015). We briefly summarise its
operating principle in the following. The approach consists in
sampling the parameter space of Eqs. (13) and (14) using a
Markov chain Monte Carlo algorithm and evaluating at each step
the likelihood of the parameter set, given the data.

The fitted variables are the five parameters of the gNFW
model, the four parameters of our SVM model plus the zero level
of the NIKA2 surface brightness map ZSZ

0 , which is a nuisance
parameter. The priors chosen for the parameters are presented in
Table 3. They arise both from physical and numerical considera-
tions. The Gaussian priors on a, b and c are centred on the values
measured on Planck nearby clusters Planck Collaboration Int. V
(2013) and have standard deviations equal to 25% of their mean
values. We also added a prior on the combination of parameters
to force dM/dr > 0, and thus ensuring that the mass increases
with radius.

The likelihood of the proposed set of parameters is then eval-
uated with respect to the X-ray density profile, the NIKA2 SZ
surface brightness map and the Planck total SZ flux. While the
density profile model is directly compared to the electron den-
sity inferred from the X-ray image, the pressure profile model
is integrated along the line of sight, accounting for the NIKA2
instrumental response (beam and transfer function), to compute
the corresponding SZ surface brightness model. The latter can
then be compared to the NIKA2 data. The pressure profile model
is also used to compute the total integrated Compton parameter,
following Eq. (7). This quantity is then compared to the total flux
as measured from Planck data.
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Fig. 7. Comparison between the NIKA2 data and the best-fit model evaluated at the X-ray peak (green cross). Left: input SZ map. Middle:
maximum likelihood model map. Right: residuals. The white contours indicate the S/N levels, starting at S/N = 2 and linearly increasing by step
of one. The green crosses indicate the position chosen as the centre of the model (here, the X-ray peak).

Finally, the fitting algorithm uses a Metropolis-Hastings
method of MCMC sampling to constrain the parameters. Once
the chains converge and the burn-in is removed, we obtain the
PDF sampling in the 10-dimensional parameter space. The PDF
of one parameter can then be obtained by marginalising over the
other nine.

Application to our data. In Fig. 6, we show the best-fit para-
metric models of the NIKA2 SZ surface brightness profile and
the X-ray density profile over-plotted on the data. We take as
our reference centre the position of the X-ray peak. We can
see that the models provide a good description of the data at
all radial scales. In the case of NIKA2, we also provide the
comparison between the model and the data at the map level
in Fig. 7. We can see that overall the model provides a good
description of the data. Nonetheless, as the morphology of the
cluster is elongated and the model centred on the X-ray peak,
the residuals in the north-west region of the cluster present a
significant excess (>4σ). This agrees with XLSSC 102 having a
disturbed morphology and is consistent with the merger scenario
proposed in Sect. 3. We note that the best-fit model SZ total flux
is in full agreement with the Planck constraints (58 kpc2 versus
40 ± 57 kpc2).

4.2. Results and impact of the complex morphology
of XLSSC 102

With the MCMC chains in hand, we construct the thermo-
dynamic and mass profiles using the relations presented in
Sect. 4.1.1. To do so, we compute the median and the 68% con-
fidence intervals of the profiles of the derived quantities at each
radius. In the following we present 3D profiles of thermody-
namic variables for XLSSC 102 and discuss the impact of the
different centre definition and of the overpressure region.

4.2.1. Thermodynamic state characterisation

The thermodynamic and mass 3D profiles of XLSCC102, com-
puted at the X-ray peak position are presented in Fig. 8. From
left to right and top to bottom the quantities are the electron pres-
sure Pe, electron density ne, temperature kBT , electron entropy
index Ke, spherically integrated Compton parameter Ysph, gas
mass Mgas, hydrostatic mass MHSE, and gas fraction fgas profiles.
The gas fraction is computed by assuming a constant hydrostatic
mass bias such as bHSE = 0.2. We display the profiles in the

typical radius range where they are constrained by the SZ and
X-ray data : from 80 kpc to ∼1 Mpc, which corresponds to half
the NIKA2 150 GHz beam (∼10 arcsec) and to the maximum
radius at which the SZ and X-ray signal is detected (∼2 arcmin).
We note that we expect r500 ∼ 0.7 Mpc from XXL scaling
law measurements, which roughly correspond to r200 ∼ 1 Mpc
(we verify that with the over-density profile computed from
Eq. (12)). We thus probe the thermodynamic and mass profiles
of XLSSC 102 up to ∼r200. However, as we use a parametric
model, the shape of the profiles at large radii (r & r500), where
the signal is low, might be predominantly driven by the data in
the inner region.

We can see that we obtain relatively tight constraints, con-
sidering the moderate depth of the XXL and NIKA2 data and
the redshift and mass of the source. The constraints are globally
tighter at intermediate scales, where NIKA2 is the most sensi-
tive. Indeed, on small and large scales, the beam and the transfer
function filter out the signal. Additionally, the noise correlations
and the uncertainties in the zero level boost the error bars on
large scales.

As expected, we find that the pressure and density decrease
with radius. The profiles are relatively flat in the inner part, not as
seen for cool core clusters. The pressure profile of XLSSC 102
is similar to that of low redshift perturbed clusters from the
REXCESS sample A10.

The temperature profile reaches about 8 keV at the X-ray
peak (at r ∼80 kpc) and drops by a factor of ∼4 towards the out-
skirts. This steep decrease is larger than expectations from stud-
ies of more nearby cluster samples (typically a temperature drop
by a factor of 2.5−3 at r200 with respect to the inner regions,
see Eckert et al. 2013a; Reiprich et al. 2013). The temperature
profile we measure is consistent with that of a morphologicaly
disturbed cluster, but not with that of a cool-core. We note that
the temperature profile is consistent with the average XMM clus-
ter temperature measured within a projected aperture of 300 kpc
(see Table 1).

The entropy index profile of XLSCC102 is flat and the cen-
tral value is high. We see an excess of entropy in the inner region
with respect to the pure gravitational collapse expectation indi-
cated by the black dotted line (see Voit 2005; Pratt et al. 2010,
for its derivation). This behaviour is expected for disturbed clus-
ters (e.g. Pratt et al. 2010; ZuHone 2011). More surprisingly,
we observe that the entropy is lower than the pure gravitational
collapse expectation beyond 350 kpc (∼0.5 × r500), although the
deviation is of low significance. This phenomenon has been
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Fig. 8. Radial physical profiles of XLSSC 102. From left to right and top to bottom: electron pressure, electron density, temperature, electron
entropy index, spherically integrated SZ flux, gas mass, hydrostatic mass, and gas fraction profiles. The grey shaded regions shows 68% c.i. around
the median profiles. The thin dotted black line indicates the value of r500 from XXL. For comparison, the mean pressure profiles of cool core and
disturbed clusters from the REXCESS sample (Arnaud et al. 2010, hereafter, A10), computed with the mass estimated from XXL scaling relations
MXXL

500,scal (see Table 1), are shown by the dark blue and red curves. The self-similar entropy index expectation from Voit (2005) computed for a
mass MXXL

500,scal (see Table 1) and the value of the cosmic gas fraction are shown by the dashed black lines. The latter is computed as Ωb
Ωm

under the
assumption that all the baryons are in the hot gas phase, with baryonic and matter density taken from Planck Collaboration VI (2020). The gas
fraction profile is computed assuming bHSE = 0.2. The median profiles computed assuming bHSE = 0 and bHSE = 0.3 are shown by the dotted and
dashed grey curves respectively.
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observed in un-relaxed clusters (see e.g. Eckert et al. 2013a;
Tchernin et al. 2016) and may be due to gas inhomogeneities
that bias high the density measurement or to turbulence and non
non-thermal pressure support.

As expected, the spherically integrated Compton parameter
smoothly increases with radius. Similarly, the gas mass increases
with radius and it is nearly consistent with a power law at
r < r500. The hydrostatic mass profile is relatively steep in the
centre and flattens at r ∼ 200 kpc. These profiles will be used in
Sect. 5.1 when studying scaling relations.

Finally, the gas fraction increases with the distance from the
centre. The median profile becomes larger than the cosmic gas
fraction at r & 500 kpc, however, the cosmic value is still within
the 68% confidence interval. We note that a high hydrostatic
bias would diminish the gas fraction, but an excessively large
value would be necessary to avoid exceeding the cosmic frac-
tion. This behaviour is also seen in non-relaxed clusters (see e.g.
Eckert et al. 2013b) and, as for the entropy behaviour, could be
attributed to gas inhomogeneities biasing high the density mea-
surement or to non thermal pressure support.

All the recovered physical radial profiles of XLSSC 102 up
to r200 are in agreement with the cluster being un-relaxed and
support the post-merger scenario discussed in Sect. 3. Addition-
ally, based on the definitions of Sect. 4.1.1, several quantities
indicate that the gas density deduced from the X-ray data is too
high compared to expectations from the pressure at radii larger
than ∼350 kpc given the expected mass (see e.g. Eqs (6), (9)
and (8)). This is in apparent contradiction to the presence of an
overpressure region identified in Sect. 3. As discussed above,
several physical reasons could be invoked, and in particular the
presence of gas inhomogeneities, which can bias high the recov-
ered density, and are common in merging systems.

4.2.2. Impact of the internal structure

As the profiles are computed assuming spherical symmetry, it
can be interesting to compute them in different sectors to link the
thermodynamic state and the inner structure (as done in Ruppin
et al. 2018). Here we split the cluster in two halves to investigate
the effect of the overpressure region identified in Sect. 3. The
two halves are then alternately masked to derive the quantities
corresponding to an entire cluster. To define our two regions,
we chose the X-ray peak as the centre, and we divided the
cluster perpendicularly to the elongation axis of the X-ray and
SZ emission (following a North−West to South−East direction).
The overpressure region is thus localised in the northwestern
part (“North” in the following), whereas the southeastern part
(“South” in the following) is expected to be less perturbed.

The thermodynamic and mass profiles for the two regions
are presented in Fig. 9. The order of the plots is the same as
in Fig. 8. The profiles of the northern and southern regions are
shown in green and purple, respectively. The bottom inset panel
in each plot shows the ratio of the profiles computed in the north-
ern region to that computed in the southern region.

We can remark that the pressure and density profiles in the
northern region are much flatter. At r . 250 kpc the pressure
profile in the northern region is higher but still compatible with
that of the southern region whereas the density is significantly
lower. At greater distance, the pressure and density profiles in
the North become significantly higher (larger than a factor 2 at
r500). While the pressure profile slopes in the outskirts are quite
similar, that of the density in the northern region is much flatter.

The temperature and entropy index profiles are higher in the
northern region but become compatible with that of the southern

region around r500, considering the errors. The integrated Comp-
ton parameter and gas mass profiles behave as the pressure and
density profiles, respectively. At r500 and r200, Ysph is 64% and
84% higher in the northern region, while the density is 35% and
70% higher. These differences are not translated to the hydro-
static mass profiles, which are fully compatible at all radii.
Considering the uncertainties, the gas fraction profiles are also
consistent.

The differences observed between the profiles in the two
regions strongly support the post merger scenario discussed in
Sect. 3. The ICM in the northern region present higher tempera-
ture, pressure and entropy likely caused by the merger. The den-
sity and gas mass profiles in the northern region point towards a
redistribution of the gas from the inner part to the outskirts. This
may also be the sign of the presence of a clump of gas in the
direction of the galaxy density peak. We can note that the shapes
of the profiles in the southern region, which is supposedly less
affected by the merger, are also compatible with that of a per-
turbed cluster (especially the presence of a high entropy floor).
This indicates that the gas had time to mix after the merger, and
supports the post-merger scenario (see e.g. ZuHone 2011). The
fact that the hydrostatic mass profiles are equivalent in the two
regions derives from the fact that the changes in density and pres-
sure balance each other. However, we can expect the hydrostatic
mass bias to be different in the two regions, due to non thermal
pressure support and turbulence caused by the merger, and thus
the inferred total mass in the two sectors to differ. The impact
of the inner structure on the scaling laws will be investigated in
Sect. 5.1.

4.2.3. Impact of the centre definition

So far, we used the X-ray peak as our reference position to
construct the different profiles. However, as shown in Sect. 3,
XLSSC 102 presents significant offsets between its different
tracers and thus the definition of the cluster centre is not obvious.
In the following we investigate the impact of taking the X-ray
peak, the SZ peak or the BCG as indicators of the cluster centre
on the derived profiles. We did not use the optical density peak
as it does not coincide with the gas tracers.

The thermodynamic and mass profiles computed using the
three centres are presented in Fig. 10. The order of the plots
is the same as in Fig. 8. The profiles computed at the X-ray
and SZ peaks are shown in red and blue respectively, while that
computed at the BCG position is shown by the black lines. The
bottom inset panel in each plot shows the ratio of the profiles
computed at the SZ peak and BCG position to that computed at
the X-ray peak position.

All profiles are compatible with each other considering the
error bars. However, as the profiles are derived from the same
data the differences between them arise from purely systematic
effects.

We remark that in the inner part (r . 200 kpc), as expected,
the pressure and integrated Compton parameter profiles com-
puted at the SZ peak are higher than at other positions, while
the density and gas mass profiles are higher when computed at
the X-ray peak. Consistent with the merger scenario, the temper-
ature and entropy near the SZ peak are much higher than around
the X-ray peak and the BCG. This translates to the hydrostatic
mass being higher and the gas fraction lower around the SZ peak.

At larger radii (r & 300 kpc) the profiles are in better agree-
ment but some differences remain. In particular, at r = 0.7 Mpc
(∼r500) there are still differences of 11% between Ysph computed
at the SZ peak and at the X-ray peak or BCG position. Similarly
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Fig. 9. Radial physical profiles of XLSSC 102 computed in the northern region (green) and the southern region (purple). The legend is the same
as in Fig. 8. The bottom inset panel in each plot shows the ratio of the profiles computed in the northern and southern regions. This sentence is
here to overpass a bug in latex.

the differences are 6 and 3 % between Mgas computed at the SZ
or X-ray peaks or BCG position, respectively. By comparison,
the differences in hydrostatic masses are only ∼2% at the same

radius, but increase to 10 and 17 % at r = 1 Mpc (∼r200). The
impact of the different cluster centre choice on the scaling laws
will be investigated in Sect. 5.1.
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Fig. 10. Radial physical profiles of XLSSC 102 computed at the X-ray peak (red), SZ peak (blue) and BCG positions (black). The legend is the
same as in Fig. 8. The bottom inset panel in each plot shows the ratio of the profiles computed at the SZ peak and the BCG position to that
computed at the X-ray peak.

5. Global properties

In the previous sections, we studied the morphology and ther-
modynamic profiles of XLSSC 102. Here we derive the inte-
grated properties of the cluster and compare them to scaling

relations calibrated from local samples. As discussed in Sect. 1,
the properties of high redshift low-mass clusters are poorly
known. In this section we thus test if the integrated quantities
of XLSSC 102 deviate from what is expected for low redshift
more massive clusters. Moreover, we can see in Sects. 3 and 4
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Table 4. Global quantities evaluated at a radius corresponding to spher-
ical overdensity ∆ = 500, computed by assuming no hydrostatic mass
bias (upper block) or a value bHSE = 0.2 (lower block).

r500 M500 Mgas,500 Ysph,500 YX,500
(Mpc) (1014 M�) (1013 M�) (kpc2) (1014 keV M�)

bHSE = 0.0

X-ray 0.53+0.06
−0.04 1.25+0.47

−0.26 2.32+0.49
−0.30 13.51 +4.43

−2.71 0.87 +0.30
−0.18

SZ 0.53+0.06
−0.05 1.29+0.42

−0.30 2.48+0.49
−0.42 15.51 +4.37

−3.46 0.99 +0.29
−0.22

BCG 0.51+0.07
−0.06 1.13+0.54

−0.33 2.31+0.66
−0.41 12.86 +4.23

−3.97 0.82 +0.31
−0.24

South 0.54+0.16
−0.07 1.42+0.94

−0.48 2.10+0.88
−0.41 10.85 +3.47

−3.31 0.68 +0.25
−0.22

North 0.56+0.07
−0.07 1.48+0.61

−0.46 2.66+0.68
−0.54 17.29 +5.53

−4.61 1.11 +0.43
−0.31

bHSE = 0.2

X-ray 0.58+0.08
−0.04 1.69+0.72

−0.34 2.80+0.66
−0.37 15.43+5.48

−3.20 0.96 +0.38
−0.21

SZ 0.59+0.07
−0.05 1.75+0.67

−0.43 3.00+0.63
−0.52 17.57+5.16

−4.02 1.10 +0.35
−0.25

BCG 0.58+0.09
−0.07 1.62+0.74

−0.47 2.84+0.80
−0.49 14.88+4.65

−4.25 0.95 +0.33
−0.27

South 0.59+0.18
−0.07 1.92+1.20

−0.66 2.37+0.86
−0.48 11.99+3.53

−3.73 0.70 +0.31
−0.22

North 0.62+0.09
−0.08 2.04+0.98

−0.65 3.21+0.82
−0.61 19.60+7.77

−5.32 1.24 +0.54
−0.34

that XLSSC 102 appears to be in a post-merger state and highly
disturbed. We thus derive different estimates of its mass under
different assumptions, and compare them to what is expected
from the XXL scaling relations (see Table 1).

5.1. Location of XLSSC 102 on YSZ – mass scaling relation

The SZ flux is known to closely track the total mass (as
YSZ,500 ∝ M5/3

500 according to self − similar expectations, Gio-
dini et al. 2013), and is often used as a low scatter mass proxy
(see e.g. Arnaud et al. 2010; Planck Collaboration XX 2014).
Here we compare the integrated quantities M500 and YSZ,500 of
XLSSC 102 measured via the SZ+X-ray combination to the
scaling relation from Planck XX. This relation was derived from
a sample of z < 0.45 clusters and was used as calibration to esti-
mate the mass of their cosmological cluster sample.

In order to measure the spherically integrated SZ flux YSZ,500
we first constructed the integrated Compton parameter profile,
using the procedure described in Sect. 4 and the relation from
Eq. (7). Using the mass profile presented in Fig. 8, we can derive
an overdensity profile (following Eq. (12)). This profile is then
used to determine the value of r500 for each point of the MCMC
chain. The values of YSZ,500 and M500 are then also computed
for each point and their distributions then encode the uncertain-
ties in the profiles and the r500 value. The values of M500 and
YSZ,500 are highly correlated, because they depend on the pres-
sure profile and because the value of r500 depends on the mass
profile. Increasing r500 leads to increasing YSZ,500 for the same
YSZ(r) profile, as well as increasing M500 for the same M(r) pro-
file. The values of the different parameters measured at r500 are
summarised in Table 4.

Figure 11 shows the location of XLSSC 102 on the YSZ,500 −

MHSE,500 relation from Planck XX. The different coloured mark-
ers indicate the values from the combined SZ+X-ray analysis of
XLSSC 102 evaluated using different centres and from the south-
ern and northern regions at the X-ray centre, as indicated in the
legend. The values and error bars represent the median and the
68% c.i. The black points show the individual measurements of
Planck clusters corrected from the Malmquist bias. The blue line
and region show the calibration adopted and the intrinsic scatter.
The Planck masses are derived from X-ray measurements cali-
brated using the YX,500 − MHSE,500 relation from A10, measured

using 20 local relaxed clusters. For a meaningful comparison
we used hydrostatic mass (or total mass assuming no HSE bias
correction).

As expected, XLSSC 102 has lower mass and integrated
Compton parameter than clusters from the Planck sample.
Despite its low mass and high redshift, XLSCC102 does not
strongly deviate from the scaling relation. The quantities mea-
sured at the different centres are all compatible at 68% or less
considering the error ellipses (not shown here for clarity), even
if that computed at the SZ peak presents a slightly higher value
of YSZ,500. These three data points lie above the Planck scaling
relation and are marginally consistent with it at 95%, considering
the scatter and error ellipses. The values of Ysph,500 for the north-
ern and southern halves of the cluster lie respectively above and
below the value for the entire cluster and are compatible with
each other at 95%. The data point corresponding to the southern
region is closer to the Planck relation. This is likely due to the
merging event and the boost of pressure discussed in Sects. 3
and 4 (also found in a lower redshift massive cluster by Ruppin
et al. 2018, when masking or not an overpressure region). The
median mass values are higher when the cluster is split in halves.
This is an effect of the widening and skewing of the MHSE,500
distribution towards higher values when using less data, due to
increasing uncertainties in both the mass profile and the scaled
radius and the correlation between them. We note that the error
bars on the measured mass are large.

While no strong conclusions can be drawn from only one
cluster, our results indicate that the internal structure and the
choice of the cluster centres may have an impact on the scaling
relation scatter. The merging event induces a change in the shape
of the pressure profile that enhances the SZ flux while having a
moderate impact on the inferred mass. The fact that XLSSC 102
seems to be offset from the Planck relation, with excess SZ flux
for its mass (albeit still compatible at 95%), is unlikely to be
due to a change in the relation with mass or redshift, as that is
expected to cause a reduced SZ effect (see e.g. Sereno et al. 2015;
Le Brun et al. 2017). However, it could be due to an increase of
the scatter at lower mass or higher redshift or both (Le Brun et al.
2017). Deeper observations of XLSSC 102 and other systems in
the same mass and redshift ranges would be necessary to reduce
the error bars and measure the scatter of the relation.

5.2. Calibration of the YSZ – YX relation

Since XLSSC 102 is highly perturbed, our mass estimate may
be affected by gas and temperature inhomogeneities (as MHSE ∝

1/ne , see Eq. (9)). However, the gas mass should be less affected
by such effects, as it scales with the integral of the density (see
Eq. (8)). The X-ray analogue of the integrated Compton param-
eter, YX, defined as YX = Mgas × T (Kravtsov et al. 2006) could
thus be more robust than the HSE mass as a mass proxy.

In order to test the impact of our mass derivation on Fig. 11,
we thus followed Planck XX and used the YX − M relation from
A10 to estimate masses from our measured integrated Comp-
ton parameter profile. As an X-ray spectroscopic temperature
profile is not available for our cluster we used the temperature
profile derived from the combination of SZ + X-ray data. We
constructed a YX profile following :

YX(R) = Mgas(R)
1

4/3πR3

∫ R

0
4πT (r)r2dr, (15)

Then, we estimated the hydrostatic mass by iterating about
the YX,500 − MYX,500 scaling relation of A10 (Eq. (2)) until
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XLSSC 102 North Fig. 11. Location of XLSSC 102 on the

scaling relation between the spherically inte-
grated Compton parameter Y500 and the
hydrostatic mass MHSE,500 (i.e. the total mass
assuming bHSE = 0). The different mark-
ers indicate the values from the combined
SZ+X-ray analysis of XLSSC 102 evaluated
on the entire cluster at different centres and
from the southern and northern regions at the
X-ray centre, as indicated in the legend. The
values and error bars represent the median
and the 68% c.i. The black data points show
the Planck calibration cluster sample cor-
rected from Malmquist bias. The blue line
and region indicate the fitted relation and its
intrinsic scatter (Planck XX).
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Fig. 12. Left: location of XLSSC 102 on the scaling relation between the spherically integrated Compton parameter Y500 and the mass proxy
MYX ,500. The legend is the same as in Fig. 11. Masses are estimated via the YX profile and the YX,500 − MYX ,500 from A10. As explained in
Planck XX, the scaling relations between Y500 and MHSE,500 or MYX ,500 are the same and only the uncertainties and intrinsic scatter change. Right:
ratio of the spherically integrated Compton parameter YSZ to its X-ray analogue YX, computed using the X-ray peak. Here YX is computed using
the temperature estimated from the combination of SZ and X-ray data. The solid black line shows the calibration from A10 and the dotted line
indicates the value for an isothermal cluster. The dashed black line marks 0.6 Mpc, which is close to the r500 values found in Sect. 5.1.

convergence. The corresponding value of RHSE,500 was used to
measure the integrated Compton parameter YSZ,500, as explained
in Sect. 5.1. The new data points are compared to the YSZ,500 −

MHSE,500 relation from Planck XX in the left panel of Fig. 12.
The legend is the same as in Fig. 11. As explained in Planck XX,
the scaling relation between Y500 and MHSE,500 is the same as the
one between Y500 and MYX,500 albeit with increased uncertainties
and intrinsic scatter.

We can see that our data points are much closer to the
Planck relation when the mass is estimated from YX and are
fully contained within the intrinsic scatter. The mass and SZ
flux values measured using the northern and southern parts of
the cluster are respectively higher and lower than that measured
on the whole cluster but each point lies near the scaling law.
The values measured based on the X-ray peak and the BCG are

the same, whereas that measured using the SZ peak has slightly
higher mass and SZ flux. All measurements based on YX are
compatible with each other considering the error bars. How-
ever, the mass measurements based on YX are barely compat-
ible with those from MHSE,500, except for the southern region
of XLSSC 102. Our results indicate that the slight tension seen
in Fig. 11 between the values for XLSSC 102 and those of
more massive lower redshift clusters is likely due to systematics
caused by the merging event and affecting the hydrostatic mass
reconstruction. We note that the error bars are much lower than
those of the direct measurements from Sect. 5.1, however, we do
not account for the scatter between MYX,500 and YX,500, which is
poorly known for our type of cluster.

As a complementary analysis, we also directly compare the
ratio of the spherically integrated Compton parameter YSZ to its
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X-ray analogue YX, derived from the combination of X-ray and
SZ data. We note however that these two measurements are not
totally independent, as YX depends on the SZ measurements via
the temperature. Following self-similar predictions, we expect
YSZ,500/YX,500 ∝ (MYSZ,500/MYX,500)5/3 and thus, a ratio constant
with mass and no redshift evolution. The ratio YSZ/YX is indeed
related to the shape of the temperature and density profiles as:

YSZ

YX
(R) = CXSZ

〈Tene〉V

〈ne〉V

1
〈Te〉V

, (16)

with CXSZ = σT
mec2

1
µemp

= 1.416 × 10−13 kpc2 M−1
� keV−1 and the

bracket denoting the volume average in a sphere of radius R. For
an isothermal cluster, the relation is YSZ,500

YX,500
= CXSZ.

Previous studies, using spectroscopically measured temper-
atures to compute YX , confirmed the lack of redshift evolution
(see e.g. Andersson 2011), but found a ratio between YSZ,500 and
YX,500 lower than CXSZ. This was attributed to the X-ray temper-
ature estimated value being higher than the “gas mass weighted”
temperature, that is, the quantity 〈Tene〉V

〈ne〉V
. In particular, A10 mea-

sured YSZ,500 = (0.924 ± 0.004) · YX,500 ·CXSZ.
As we have computed the profiles of YSZ and YX we can cal-

ibrate their relation as a function of radius. The YSZ/YX ratio is
shown in the right part of Fig. 12, for the profile computed at
the X-ray peak. The ratios derived at the other positions or by
splitting the cluster in two halves are not shown here, but are
consistent. The isothermal value is indicated by the dotted line
and the relation found by A10 is shown by the solid black line.
We can see that the latter lies below our profile at all sampled
radii. This is unlikely to be caused by the overpressure region
because the ratio in the two halves of the cluster are compatible.
However, the offset may be related to the fact that we do not use a
spectroscopically derived temperature profile. The temperatures
derived from X-ray and SZ combination or from X-ray spec-
troscopy may be affected by systematics from the instruments
(Mahdavi et al. 2013) and from the gas structure (Vikhlinin et al.
2006; Rasia et al. 2014), leading to differences of the order 10%
(see e.g. Adam et al. 2017a; Romero et al. 2017).

The YSZ/YX ratio we measure is close to the isothermal value
near the centre and increases with the radius, indicating that the
temperature computed from the combination of X-ray and SZ
data is higher when weighted by the gas mass. At R = 0.6 Mpc
(which is close to the r500 values found in Sect. 5.3), our mea-
sured ratio is 1.21+0.05

−0.06 times larger than expected from the A10
relation. Our value of YX,500 being lower, this translates to about
a 12% shift in our estimated MYX,500 with respect to that cali-
brated with the A10 relation. This might explain the small shift
of our data points with respect to the MYX,500 and YX,500 scaling
relation shown in the left part of Fig. 12.

5.3. Mass estimations comparison

In the previous section we estimated the mass of XLSSC 102
from direct measurements only, and from their combination with
the YX − M scaling relation. In the absence of complementary
X-ray data, the YSZ,500 − MHSE,500 relation from Planck XX can
also be used to infer the mass. Similarly to what is done in
Sect. 5.2, we directly used our integrated Compton parameter
profile to derive the mass. Since YSZ,500 itself depends on r500,
which is computed from M500, the SZ derived mass is computed
by iterating about the scaling relation until convergence.

Having in hand different mass estimates it is now natural
to compare them. Figure 13 shows the different mass measure-
ments for XLSSC 102 and the estimates from the XXL and

100

M500 [1014M ]

X peak
BCG

SZ peak
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North

X peak bHSE = 0.2
X peak

BCG
SZ peak
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North

X peak
BCG

SZ peak
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North

XXL, scal
XXL, MT

XXL, MT
ACT, UPP
ACT, cal

NIKA2 + XMM direct

NIKA2 + XMM + Yx-M scaling relation

NIKA2 + Ysz-M scaling relation

XXL and ACT scaling relations

Fig. 13. Comparison of the different estimates of M500 of XLSSC 102.
Top part: direct measurements from the hydrostatic mass profiles,
derived from the combination of NIKA2 and XMM data. Middle part:
mass estimates derived from the measurements of YX(R) and the scaling
relation from A10 (dots), and from the measurements of YSZ(R) and the
scaling relation from Planck XX (triangles). All points and error bars
indicate the median and 68% c.i. around it. Bottom part: mass estima-
tion from the XXL survey and from the ACT survey (see Table 1 and
text). The crosses indicate mass estimates derived from weak lensing
calibrated scaling laws. The pink stripe indicates, for visual reference,
the 68% c.i. around M500 measured from the combination of NIKA2
and XMM data, using the X-ray peak and assuming bHSE = 0.

ACT surveys, derived at a spherical overdensity ∆ = 500. The
first block of values shows the direct measurements from the
combination of NIKA2 and XMM data (see Sect. 5.1). The
disks are for the HSE masses at the different centres and split-
ting the cluster in two halves, with no bias accounted for. The
red square shows the mass at the X-ray centre computed by
accounting for a bias bHSE = 0.2 in the HSE mass profile.
Because we define the bias with respect to the mass profile
(assuming a constant bias value in Eq. (10)), the ratio between
MHSE,500 and Mb=0.2,500 is not equal to 1−0.2 (here we measure
MHSE,500/Mb=0.2,500 = 1−0.26). The second and third blocks show
mass estimates derived from the measurements of YX(R) and the
scaling relation from A10 (dots), and from the measurements
of YSZ(R) and the scaling relation from Planck XX (triangles).
The last block shows mass estimates from the XXL survey and
from the ACT survey (see Table 1). The XXL estimation denoted
“scal” is computed iteratively from X-ray count rates measure-
ments and a set of XXL scaling relations XXL Paper XX, those
denoted “MT” derives from mass – XXL temperature relations
calibrated with weak lensing data (see XXL Paper II, and Lieu
et al. 2016 XXL Paper IV for “MT?”, and Umetsu 2020 for
“MT??”). The ACT mass (Hilton et al. 2018) denoted “UPP”
is computed by assuming that the SZ signal follows the univer-
sal pressure profile and the associated scaling relation from A10.
The value denoted “cal” accounts for a hydrostatic mass bias of
bHSE = 0.32±0.11, measured on external weak lensing data sets.

We can see that the HSE mass values measured directly from
the data are in agreement with the XXL expectations, given their
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large error bars. The ACT masses are larger than the other esti-
mates. As the resolution of ACT is 1.4 arcmin, this could pos-
sibly be due to a contamination from a local low temperature
CMB fluctuation, artificially boosting the SZ signal. The masses
estimated from YSZ and YX profiles and scaling laws are higher
than the one from the direct measurements. However, we can
see that the masses measured in the northern part of the clus-
ter are higher than those in the southern. The merging event is
thus likely biasing high those values. We do not see any trend
between the HSE masses and those calibrated with weak lensing
measurements (indicated by the crosses in Fig. 13). We note that
since the Subaru HSC survey (Aihara et al. 2018b; Mandelbaum
et al. 2018) only partially overlaps with XLSSC 102, the clus-
ter has HSC weak-lensing constraints in the limited radial range,
R ∈ [0.9, 2] Mpc (comoving), with a very low signal-to-noise
ratio of S/N = 0.1 (Umetsu 2020).

The disparity of values seen in Fig. 13 reflects the difficulty
of accurately estimating the mass of a cluster at redshift z ∼ 1 in
this mass range, especially with low S/N data and for a disturbed
system. However, it also highlights the strength of resolved
SZ observations alone and in combination with (even shallow)
X-ray data. This is promising for the study of high redshift clus-
ters from the combination of eROSITA and high resolution SZ
instruments.

6. Summary and conclusions

In this study we characterized the morphology, thermody-
namic variable profiles and global quantities of XLSSC 102, an
X-ray detected cluster at z = 0.97, with a mass about M500 ∼

2 × 1014 M�. For this purpose we used data recently acquired
with NIKA2, a dual band high resolution millimetre camera, to
map the SZ signal. We compared the NIKA2 observations to
X-ray data taken by XMM-Newton within the XXL Survey and
to optical data from the CFHTLS (Sect. 3). This allowed us to
study the morphology and inner structure of XLSSC 102, find-
ing that it is likely in a post merger phase. We then combined the
X-ray and SZ data to derive the thermodynamic and mass pro-
files of XLSSC 102: pressure, density, temperature, entropy
index, gas fraction and HSE mass (Sect. 4). We tested the impact
of the merger and that of taking different centre definitions.
Finally, we derived the global properties of XLSSC 102 and
compared them to scaling relations of low redshift higher mass
clusters and compare our different mass estimates (Sect. 5).

Our main conclusions are as follows :
– Our study showed that mapping low-mass clusters with

NIKA2 is achievable even with a modest observing time
(6.6 h). With such resolution and sensitivity, it is possible to
derive precise thermodynamic and mass profiles up to ∼r500
by combining NIKA2 with X-ray survey data, even at high
redshift and low mass.

– XLSSC 102 is a disturbed cluster that appears to be in a post-
merging phase: the galaxy distribution is offset from the gas
and presents an elongated morphology, presumably follow-
ing the merger axis. The BCG, SZ and X-ray peaks are also
significantly offset and the gas tracers display elliptical dis-
tributions. This is also seen in the profiles of thermodynamic
properties that are typical of disturbed clusters, that is, pre-
senting flat inner temperature and pressure profiles and high
entropy floor. When considering only the cluster half con-
taining the overpressure region these features are more pro-
nounced, but they are still visible in the other half, indicating
that the gas has had time to mix after the merger.

– Despite its low mass, high redshift and perturbed dynamical
state, XLSSC 102 does not show any strong deviation from
standard evolution expectations. Its pressure profile is similar
to that found for disturbed clusters in the REXCESS sample
and its global quantities are not strongly offset from the local
scaling relations.

– The choice of centre has a mild effect on the derived profiles
but introduces systematics that may broaden the scatter on
the scaling relations. The internal structure has a net impact
on the shape of the thermodynamic profiles but not much
on the reconstructed HSE mass. The values of YSZ,500 and
YX,500 are higher in the cluster part that contains the over-
pressure region such that the mass estimates derived from
scaling relations are also higher.

– There is a disparity in the different estimates of the mass of
XLSSC 102. This highlights the difficulty of obtaining accu-
rate mass measurements for high redshift, low-mass systems
and the need to combine and compare multi-wavelength and
multi-instrument observations.

Considering the low S/N of each data set alone, all our find-
ings would not have been possible without combining the dif-
ferent wavelengths. This approach is therefore key to understand
cluster physics, especially for the in depth characterisation of
low-mass, high-redshift systems. New observations with the
NIKA2 camera and other high-resolution SZ instruments, and
their potential combination with eROSITA data (see Pillepich
et al. 2012, for its expected cluster selection function) will thus
likely enhance our understanding of these objects. The new gen-
eration of optical surveys (e.g. LSST and Euclid) should also
enable precise weak lensing measurements, allowing for a better
calibration of the scaling relations. Thus, the multi-wavelengths
approach is the best route to test the validity limits of our analy-
ses and to extend the mass, redshift and formation stage domains
of the cosmological cluster samples, allowing to better exploit
the wealth of information from future surveys.
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Appendix A: Transfert function

Figure A.1 shows the transfert function associated to the reduc-
tion of the NIKA2 map of XLSSC102 in the 150 GHz band, as
explained in Sect. 2.1.
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Fig. A.1. NIKA2 tranfert function at 150 GHz (transmission as a func-
tion of wave number), corresponding to the data reduction employed
in this analyse. The black points are measurements and the red line
represents the fit of an arbitrary polynomial function used for the
interpolation.
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