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Abstract. Three galaxy clusters selected from the XXL X-ray survey at high
redshift and low mass (z ∼ 1 and M500 ∼ 1 − 2 × 1014 M�) were observed
with NIKA2 to image their Sunyaev-Zel’dovich effect (SZ) signal. They all
present an SZ morphology, together with the comparison with X-ray and optical
data, that indicates dynamical activity related to merging events. Despite their
disturbed intracluster medium, their high redshifts, and their low masses, the
three clusters follow remarkably well the pressure profile and the SZ flux-mass
relation expected from standard evolution. This suggests that the physics that
drives cluster formation is already in place at z ∼ 1 down to M500 ∼ 1014 M�.

1 Introduction

Galaxy clusters are important astrophysical objects that provide insights into the formation
and evolution of cosmic structures. Understanding the properties of their intracluster medium
(ICM) is crucial for both cosmology and astrophysics. The thermal pressure profile of the
ICM provides valuable information about the matter distribution within galaxy clusters. It
reflects how the gas is compressed within the cluster’s gravitational potential well. Addi-
tionally, the YSZ − M scaling relation is an important tool for measuring cluster masses, as it
relates to the Sunyaev-Zel’dovich [SZ, see 1] flux (YSZ, which directly measures the thermal
energy of the ICM) to the total cluster mass, M [see 2, for a review].

While the thermal pressure profile and the YSZ −M scaling relation have been extensively
studied up to intermediate redshifts [e.g., 3, 4], there is a lack of detailed observations in
the low-mass, high-redshift regime. In this proceeding, we bridge this observational gap by
presenting detailed SZ observations of three low-mass (M500 ∼ 2×1014 M�) galaxy clusters at
z ∼ 1 selected from the XXL X-ray survey. These clusters, namely XLSSC 072, XLSSC 100,
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and XLSSC 102 were imaged using the NIKA2 millimeter camera on the IRAM 30-meter
telescope at 150 GHz and 260 GHz [5].

By combining the SZ observations with X-ray and optical data, we investigate the dy-
namic state of the clusters and derive their thermal pressure profiles. We also extract the
SZ fluxes and compare them with expectations based on the standard evolution of the ICM
properties calibrated on nearby massive systems. This analysis allows us to explore any
deviations from the expected evolution in the ICM properties for low-mass clusters at high
redshifts, where astrophysical processes are expected to have a more significant impact [6, 7].

This proceeding is organized as follows: Section 2 presents the cluster selection and the
observations, Section 3 discusses the data analysis used to address the cluster dynamical state,
extract the pressure profile and the YSZ − M relation, in Section 4, we summarize our main
findings and conclusions. See [8] for the full results. See also [9] for the detailed analysis of
the first cluster XLSSC 102.

2 Target selection and observations

We selected our target clusters from the XXL survey [10]. The XXL survey’s selection func-
tion enabled the identification of clusters at low mass and high redshift [11]. We specifically
focused on the securely detected XXL clusters (C1) from the northern region (XXL-N), ob-
servable from the IRAM 30m telescope. Optical detections using galaxy overdensity were
used for independent confirmation, with robust spectroscopic redshift estimates [12]. We
selected three clusters, XLSSC 072, XLSSC 100, and XLSSC 102, at a redshift z ∼ 1 and
M500 ∼ 1 − 2 × 1014 M�, for NIKA2 observations.

The observations were conducted between January 2018 and February 2020. XLSSC 072,
XLSSC 100, and XLSSC 102 were observed for 10, 10, and 6.6 hours, respectively. The data
reduction followed the procedure described in [13] and [14]. The data analysis included esti-
mating the astrophysical signal filtering induced by the data reduction and deriving the noise
statistical properties through power spectrum analysis and Monte Carlo simulations. Overall,
the observational details and data reduction process for all three clusters were consistent with
the characteristics of the NIKA2 instrument [15].

After smoothing the NIKA2 data to an effective resolution of 27 arcsec, XLSSC 072,
XLSSC 100, and XLSSC 102, are detected with a peak signal-to-noise ratio (S/N) of -9.7,
-9.2, and -6.9, respectively. Radio and submillimeter point sources were removed from the
SZ images prior to further analysis.

3 Analysis and results

3.1 Dynamical state

The SZ data were combined with X-ray (XXL survey [10]) and optical images (CFHTLS [16]
and HSC [17]) and analyzed to trace the ICM thermal pressure, the ICM thermal density, and
the collisionless galaxy population, respectively. Comparing these tracers provides valuable
insights into the clusters’ dynamical properties.

The multiwavelength analysis shows that all three clusters exhibit deviations from spheri-
cal symmetry, indicating the presence of disturbances in the gas and galaxy distribution, likely
due to merging events. The SZ and X-ray signals agree well on large scales but may differ
on smaller scales, suggesting local compressions caused by merging. The surface brightness
distributions of both SZ and X-ray signals are relatively flat, indicating dynamically disturbed
systems without prominent X-ray peaks associated with relaxed clusters.
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3.2 Mass measurement

The masses were estimated using two main methods.

1. Combining the X-ray derived density profile [18, 19] and the SZ-derived pressure pro-
file (see below) via the hydrostatic equilibrium assumption,

MHSE(r) = − r2

µgasmpne(r)G
dPe(r)

dr
. (1)

This provides a direct measurement but is more sensitive to systematics (hydrostatic
mass bias, clumping, etc).

2. Using the scaling relation between YX,500 = Mgas(R500) kBT and the mass from [3],

E(z)−2/3
(

YX,500

2 × 1014M�keV

)
= 100.376 ×

(
MHSE,500

6 × 1014M�

)1.78

. (2)

The gas mass Mgas and temperature kBT were extracted from X-ray data. This provides
a robust mass proxy but relies on local calibration.

We obtain direct hydrostatic masses of MHSE,500 = 1.93+0.38
−0.30, 2.55+1.46

−0.73 and 1.12+0.22
−0.20 M�

for XLSSC 072, XLSSC 100 and XLSSC 102, respectively. The masses based on the YX
proxy are MYX,500 = 1.98+0.31

−0.17, 2.13+0.49
−0.33, and 1.88+0.28

−0.19 M� for the same clusters. They agree
well within error bars, although a 2σ tension is observed for XLSSC 102 (see discussion
hereafter).

3.3 Pressure profile

The pressure profile of the three clusters was measured using three different methodologies.

1. Forward modeling of the NIKA2 data using a gNFW pressure profile [20], given by

Pe(r) =
P0

(
r
rp

)c (
1 +
(

r
rp

)a) b−c
a

. (3)

2. Non-parametric fitting of a binned pressure profile. We defined the pressure at five
radii, logarithmically spaced from 50 kpc to 1 Mpc.

3. Forward modeling of the NIKA2 data using an NFW [21] hydrostatic mass profile
combined with the density profile derived from X-ray data. According to equation 1,
the pressure is modeled as

Pe(r) = Pe(r0) +
∫ r0

r

µgasmpGne(r′)MHSE(r′)

r′2
dr′, (4)

Assuming standard evolution and given our mass estimates, the pressure profiles align
well with the dynamical state analysis. Alternatively, considering the prior knowledge of
the cluster dynamical states, the data agree favorably with the pressure profile calibrated on
low-redshift clusters [3] and scaled to low mass and high redshift using standard evolution
(see Figure 1). All the pressure profiles recovered with the various methodologies exhibit
excellent agreement within the uncertainties at all radii. Most of the uncertainty is due to the
difficulty in having precise and robust mass measurements at these redshifts and mass scales.
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Figure 1. NIKA2 derived pressure profile and comparison with expectations from the universal pressure
profile (UPP) from [3], as well as morphologically disturbed (MD) and cool-core systems (CC), given
YX-based masses. Figure extracted from [8].

3.4 Scaling relation

Our targets, XLSSC072, XLSSC100, and XLSSC 102, lie at the low-mass end of the Planck
calibration sample [22] but have higher redshifts (around z ∼ 1) compared to the Planck
clusters (around z ∼ 0.2). When using the YX−M relation for mass estimation, they follow the
scaling relation remarkably well. When direct hydrostatic equilibrium mass measurements
are used, XLSSC102 deviates from the scaling relation by approximately 2σ. However,
this deviation may be attributed to systematic uncertainties in mass measurement due to the
complex morphology and dynamical state of this cluster or a significant hydrostatic mass
bias, as discussed in detail in [9]. The other clusters agree very well with the relation.

4 Conclusions

Our study aimed to investigate the SZ structure and properties of the ICM in three low-mass
galaxy clusters at a redshift z ∼ 1. By utilizing the NIKA2 camera, we obtained valuable
resolved SZ data for these clusters, representing some of the first detailed observations of
such low-mass systems at high redshifts.

Our analysis revealed evidence of ongoing merging activity in all three clusters, as indi-
cated by their disturbed morphologies and deviations from compact spherically symmetric
distributions. The pressure profiles of these clusters, rescaled according to standard evolution
in mass and redshift, were found to be in agreement with those of local dynamically disturbed
systems. Despite their perturbed ICM, low masses, and high redshifts, we did not observe
any significant deviations in the YSZ − M scaling relation for our target clusters. While the
sample size is not sufficient to draw statistical conclusions, these findings provide an initial
indication that the scaling relations are stable down to masses of M500 ∼ 2 × 1014 M� and
redshifts of z ∼ 1. This may indicate that the cluster formation physics is already in place
down to these masses and up to these redshifts

It is important to note that the comparison of the pressure profiles and scaling relation
to those of local samples is limited by uncertainties in the mass estimates. This highlights
the challenges in accurately determining and robustly estimating the mass in this relatively
unexplored regime.
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