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Abstract

The Cluster HEritage project with XMM-Newton – Mass Assembly and Thermodynamics at the Endpoint of structure formation (CHEX-MATE) is a programme to study a minimally biased sample of 118 galaxy clusters detected by Planck through the Sunyaev–Zeldovich effect. Accurate and precise mass measurements are required to exploit CHEX-MATE as an astrophysical laboratory and a calibration sample for cosmological probes in the era of large surveys. We measured masses based on the galaxy dynamics, which are highly complementary to weak-lensing or X-ray estimates. We analysed the sample with a uniform pipeline that is stable both for poorly sampled or rich clusters –using spectroscopic redshifts from public (NED, SDSS, and DESI) or private archives and dedicated observational programmes. We modelled the halo mass density and the anisotropy profile. Membership is confirmed with a cleaning procedure in phase space. We derived masses from measured velocity dispersions under the assumed model. We measured dynamical masses for 101 CHEX-MATE clusters with at least ten confirmed members within the virial radius r200c. Estimated redshifts and velocity dispersions agree with literature values when available. Validation with weak-lensing masses shows agreement within 8 ± 16 (stat.) ± 5 (sys.)%, and confirms dynamical masses as an unbiased proxy. Comparison with Planck masses shows them to be biased low by 34 ± 3 (stat.) ± 5 (sys.)%. A follow-up spectroscopic campaign is underway to cover the full CHEX-MATE sample.
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1. Introduction
Cluster number counts as a function of mass and redshift, being sensitive both to the growth factor of structures and to the geometry of the Universe, are a well-established cosmological probe. The huge statistical power of surveys such as Euclid (Euclid Collaboration 2022, 2024a), eROSITA (Bulbul et al. 2024; Ghirardini et al. 2024), and LSST (Legacy Survey of Space and Time) of the Vera C. Rubin Observatory (Ivezić et al. 2019) is pushing the boundaries of the precision and accuracy regimes. Cosmology with galaxy clusters requires a complete understanding of the selection function and a well-calibrated mass–observable relation, as cluster mass is generally not a direct observable (Sartoris et al. 2016; Euclid Collaboration 2019). Related systematic uncertainties are intertwined and are particularly challenging to account for. Cluster mass estimation is a long-standing challenge, which has been addressed with different approaches based, for example, on galaxy dynamics, the assumption of hydrostatic equilibrium (HE) using gas thermodynamics measured in X-rays or Sunyaev-Zeldovich (SZ), and weak lensing (WL) (Pratt et al. 2019). Any bias in the mass calibration impacts the cosmological constraints.
The dynamical approach to estimate cluster masses has the great advantage of being independent of the gas properties. The velocity dispersion of cluster galaxies has been commonly used as a valuable proxy for the total mass (Biviano et al. 2006).
The dark matter (DM) halo velocity dispersion is regarded as a low-scatter mass proxy (Evrard et al. 2008; Sereno & Ettori 2015b), and masses derived in this way are highly complementary to WL or HE masses. Numerical simulations show that the 1D velocity dispersion, σ1D, of DM halos is strongly correlated with cluster mass, with a low (∼5%) dispersion (Evrard et al. 2008). However, observations provide estimates of the line-of-sight projected velocity dispersions of galaxies, σlos, and the scaling and bias with respect to the deprojected 1D velocity dispersion of the DM halo has to be estimated (Saro et al. 2013; Munari et al. 2013; Ferragamo et al. 2021).
Biases from orientation, halo triaxiality, and noise from large-scale structure are less severe than for WL, whereas deviations from equilibrium are less impactful than for HE masses (Gavazzi 2005). Moreover, dynamical masses are used to anchor intracluster-medium (ICM)-determined masses in X-ray or SZ cluster surveys (Sifón et al. 2016; Bocquet et al. 2019). Together with lensing, galaxy dynamics can better constrain density profiles and break the mass–concentration degeneracy (Biviano et al. 2013).
The velocity dispersion of galaxies may be biased with respect to DM particles (with tidal stripping being more active on large halos and dynamical friction disproportionately affecting the velocities of brighter galaxies) resulting in a velocity bias of the order of 5–10% (Munari et al. 2013; Saro et al. 2013; Armitage et al. 2018; Farahi et al. 2018). This bias can be significantly reduced with pure and complete cluster member selection (Saro et al. 2013; Sifón et al. 2016; Ferragamo et al. 2020). Numerical simulations can provide key guidance for the bias correction by assessing the role played by halo triaxiality, large-scale structure, selection processes (colour–luminosity selection, number of galaxies used, and radial window), and the presence of interlopers (Saro et al. 2013; Sifón et al. 2016; Ferragamo et al. 2021).
In this paper, we present cluster masses of the CHEX-MATE (Cluster HEritage project with XMM-Newton: Mass Assembly and Thermodynamics at the Endpoint of structure formation; CHEX-MATE Collaboration 2021) clusters estimated with a dynamical analysis of the velocity distribution of galaxies. The aim of CHEX-MATE is to obtain a deep understanding of the baryonic properties and the interplay of gravitational and non-gravitational processes, and to constrain the biases in cluster mass determination. CHEX-MATE serves as a high-quality, multi-wavelength laboratory for astrophysics in the cluster regime, and as a calibration sample and anchor for large surveys. CHEX-MATE was allocated 3Ms of observation time as a Multi-Year Heritage Programme with XMM-Newton, and targets a homogeneous and complete sample of 118 galaxy clusters selected by Planck in SZ (very near to mass selection) with a high signal-to-noise ratio (S/N)MMF3 > 6.5 (see Fig. 1). Here and in the following, the subscript MMF3 denotes quantities based on or derived from the multi-frequency matched filter MMF3 catalogues (Planck Collaboration XXIX 2014). CHEX-MATE includes a census of the population at the most recent time (Tier 1: Planck clusters selected in the northern hemisphere with (S/N)MMF3 > 6.5, and 0.05 < z < 0.2) and the most massive systems to have formed (Tier 2: (S/N)MMF3 > 6.5, z < 0.6, MMMF3, 500c > 7.25 × 1014 M⊙). The Tier 2 subsample contains massive clusters by design, whereas due to the small local volume, clusters in Tier 1 are mostly of low mass, spanning a range of 2 × 1014 M⊙ ≲ MMMF3, 500c ≲ 9 × 1014 M⊙. There are four clusters common to the two tiers.
	[image: thumbnail]	Fig. 1. Distribution of the CHEX-MATE clusters in the redshift–mass plane. Points are colour coded according to the number of confirmed spectroscopic members. Black crosses mark the clusters without confirmed members.



Investigating baryonic physics from various angles will allow us to probe the mass scale on a well-defined and minimally biased sample. Deep X-ray observations will provide HE mass estimates precise to 15–20%. To realise the full potential of the high-fidelity Heritage data, a multi-wavelength campaign is underway. Mass measurements accurate to ∼30% per cluster (including the intrinsic scatter from projection effects) can be achieved thanks to WL, or galaxy dynamics (Umetsu et al. 2016; Euclid Collaboration 2024b). When the full set of multi-wavelength data is in hand, it will be possible to compare a wide range of observables and derived proxies –for example, from X-ray luminosity, the SZ effect, or optical richness with WL, HE, or dynamical mass estimates– and to assess the bias and scatter in these different probes. Combining various mass proxies with different dependencies will be key to accounting for systematic uncertainties.
In Sect. 2, we introduce the halo model, followed by Sect. 3 where we describe the data. In Sect. 4, we detail the method used to select members and measure velocity dispersion. Estimates of redshift and velocity dispersion are compared to values from the literature in Sect. 5. In Sect. 6, we discuss and validate the measurements of the CHEX-MATE dynamical masses, followed by Sect. 7, where we quantify the bias of the Planck masses. In Sect. 8, we review possible systematic errors. In Section 9, we outline some final considerations. In Appendix A, we detail the halo model. Estimated redshifts, masses, and velocity dispersions are listed in Appendix B. In Appendix C, we report the results of the first run of our observational campaign.
As noted above, MMF3 denotes masses and quantities based on the multi-frequency matched filter MMF3 (Planck Collaboration XXIX 2014). The notation SZ or PSZ2 indicates results extracted from the PSZ2 union catalogue (Planck Collaboration XXVII 2016).
If needed, we adopt a flat ΛCDM model with (total) present day matter density parameter Ωm = 0.30 and Hubble constant H0 = 70 km s−1 Mpc−1. As usual, H(z) is the redshift dependent Hubble parameter, Ez ≡ H(z)/H0, and h = H0/(100 km s−1 Mpc−1).
We use OΔi, with i = c or i = m, to denote a cluster property, O, measured within the radius rΔi, which encloses a mean over-density of Δ times the critical (i = c) or the matter (i = m) density at the cluster redshift, with ρc(z)≡3H2(z)/(8πG). In the following, unless stated otherwise, we consider quantities within the overdensity radius r200c.
The notation ‘log’ is the logarithm in base 10, and ‘ln’ is the natural logarithm. Unless stated otherwise, the central location and scale of distributions are computed as CBI (Centre BIweight) and SBI (Scale BIweight, Beers et al. 1990). Probabilities are computed considering the marginalised posterior distributions.
Updated CHEX-MATE products and catalogues can be recovered from http://xmm-heritage.oas.inaf.it/. Products related to the dynamical analysis, including redshifts and masses, are also stored at http://pico.oabo.inaf.it/~sereno/CHEX-MATE/sigma/.
2. Halo model
Gravity is the main driver of cluster formation and evolution. All cluster properties, to some degree, can be inferred from the cluster mass MΔ (Kaiser 1984; Voit 2005). The typical concentration of the halo is related to the mass (Diemer & Joyce 2019), and the scale radius of the anisotropy velocity profile, βσ, is related to the scale radius of the mass density profile (Mamon et al. 2010).
Here, we adopt as reference a simple, one-parameter model for the halo, where all properties are derived from the mass, M200c. We assume that the tracers, that is, the galaxies, follow the mass distribution. The inference of the spatial distribution of the tracers in our cluster sample is hampered by the heterogeneous nature of the datasets, collected from a variety of sources, whose completeness and homogeneity is difficult to assess working at the catalogue level. On the other hand, our working hypothesis is well tested (Mamon et al. 2013).
We model the cluster density profile as a Navarro-Frenk-White profile (NFW, Navarro et al. 1996). Observational results and theoretical predictions agree that concentrations c200c are higher for lower mass haloes, and were smaller at early times (Sereno et al. 2017a), with a possible upturn at very high masses and redshifts. Here, we adopt the mass-concentration relation proposed in Diemer & Joyce (2019).
We consider orbits of cluster galaxies which are isotropic near the centre and more radial outside (Biviano et al. 2021), and we model the velocity anisotropy profile, βσ, as in ML (Mamon & Łokas 2005), with the anisotropy radius fixed to the scale radius of the mass density profile.
The velocity dispersion within an aperture, σap(R), is fully determined by the mass and anisotropy profiles (Łokas & Mamon 2001),
[image: thumbnail](1)
where r is the three-dimensional radius and R is the projected radius. Given a measured velocity dispersion within a given aperture radius, as in the left-hand side in Eq. (1), and a one-parameter model for mass and anisotropy profiles (the right-hand side), Eq. (1) can be inverted to estimate the halo mass. The model is uniquely determined by the mass, and we can, in turn, estimate, for example, the halo concentration or the 1D velocity dispersion. The model is detailed in Appendix A.
3. Archival data and observations
Some CHEX-MATE clusters, mostly the more massive Tier 2 clusters, already have one or more measurements of their galaxy velocity dispersion published in the literature. However, those are generally estimated with heterogeneous methodologies or member selections. This may add supplementary scatter or systematic uncertainties to the measurements. Furthermore, a few other clusters, as, for example, newly discovered, low-mass, local clusters from Tier 1, may lack previous analyses.
We reprocess the full sample with a homogeneous analysis. We start by compiling the galaxy redshift catalogue, and apply the same methodology to the whole dataset. For this purpose, we compiled spectroscopic catalogues for each cluster from archival data when available, and started an observational campaign to map the remaining poorly covered clusters.
We query existing spectroscopic redshifts in a search area centred on the location of the X-ray peak of the cluster (Bartalucci et al. 2023). The search radius of the cylinder is chosen to encompass a radius of 3rMMF3, 500c (corresponding to nearly 2r200c) from the cluster centre, where rMMF3, 500c is derived from MMMF3, 500c.
3.1. Archival data
We use public resources to retrieve available spectroscopic redshifts for each CHEX-MATE cluster. The Sloan Digital Sky Surveys (SDSS) is now in stage V (Kollmeier et al. 2019). We query the eighteenth data release (DR18) using SkyServer1. We select galaxies from the SpecPhoto catalogue, which is a pre-computed join of spectroscopy and photometry.
The Dark Energy Spectroscopic Instrument (DESI) completed its five-month Survey Validation (SV) in May 2021 (DESI Collaboration 2024). The Early Data Release includes spectral information from 3207569 objects2. We select objects classified as galaxies with high quality redshifts (ZWARN = 0).
The NASA Extragalactic Database (NED) comprises large survey releases or targeted observations and allows us to combine data from various campaigns performed at different times. Since we query the SDSS archive separately, SDSS sources in NED (which includes DR6) are filtered out. From NED queries, we keep galaxies with redshifts flagged as spectroscopic, whereas we exclude either sources other than galaxies or galaxies whose redshift is flagged as photometric. For galaxies with redshifts flagged as unknown, we keep only objects with measured uncertainties on redshifts, and select only those with a redshift error smaller than δz = 0.001, to prevent including photometric redshifts.
In the following, we denote as ‘SDSS’ the sample of candidates from SDSS DR18, as ‘DESI’ the sample from DESI-SV, as ‘NED-’ the sample from NED excised of SDSS or DESI sources, and as ‘NED+SDSS+DESI’ the matched samples of unique sources. Duplicates are matched in a searching radius of 1″ and eliminated, giving priority to objects from the homogeneous SDSS, or DESI archives. In summary, 106 clusters are spectroscopically covered by either SDSS, DESI, or NED (see Table 1).
Table 1. 
Clusters with a minimum number of candidate member galaxies.

3.2. Other datasets
We complement the public, large samples with other catalogues based on previous studies. The Arizona Cluster Redshift Survey (ACReS, Haines et al. 2013, 2015) is a spectroscopic survey of 30 massive clusters at 0.15 < z < 0.30 carried out using the Hectospec multi-fibre spectrograph on the 6.5m MMT (Multiple Mirror Telescope). Targets were selected from wide-field (52′×52′) J- and K-band imaging acquired using the WFCAM instrument on the 3.8m United Kingdom Infrared Telescope, as those having J − K colours consistent with being at the cluster redshift (Haines et al. 2009). This simple approach permits cluster galaxies to be selected by stellar mass and without bias with respect to their star-formation history. The capacity of the Hectospec instrument to place galaxies on 300 fibres anywhere over its 1-degree diameter field-of-view permitted cluster galaxies to be targeted efficiently out to ∼2–3 r200c. The ACReS data-base covers 12 CHEX-MATE clusters (PSZ2 G049.22+30.87, PSZ2 G067.17+67.46, PSZ2 G124.20-36.48, PSZ2 G107.10+65.32, PSZ2 G340.36+60.58, PSZ2 G072.62+41.46, PSZ2 G159.91-73.50, PSZ2 G313.33+61.13, PSZ2 G186.37+37.26, PSZ2 G073.97-27.82, PSZ2 G092.71+73.46, PSZ2 G187.53+21.92) for a total of 4026 galaxies in the defined search space.
Planck clusters were targeted with two multi-year observational programmes at Roque de los Muchachos Observatory in La Palma, Spain, (Barrena et al. 2020; Ferragamo et al. 2021; Aguado-Barahona et al. 2022) to optically validate and characterise the first (PSZ1, Planck Collaboration XXIX 2014), or the second (PSZ2) Planck cluster sample. The programmes carried out multi-object spectroscopy using the DoLoRes spectrograph at the 3.5m TNG (Telescopio Nazionale Galileo), or OSIRIS at the 10.4m GTC (Gran Telescopio Canarias), in order to obtain radial velocities of a large set of cluster members. In this work, we consider 4 clusters, also included in the CHEX-MATE sample (PSZ2 G283.91+73.87, PSZ2 G204.10+16.51, PSZ2 G087.03-57.37, PSZ2 G206.45+13.89), for a total of 221 candidate galaxy members with spectroscopic redshifts.
Noordeh et al. (2020) studied the environmental dependence of X-ray AGN activity at z ∼ 0.4. Follow-up VIMOS (VIsible Multi-Object Spectrograph) optical spectroscopy was used to determine cluster members. The sample covers three CHEX-MATE clusters (PSZ2 G324.04+48.79, PSZ2 G205.93-39.46, and PSZ2 G057.25-45.34) for a total of 278 candidates in the search area.
PSZ2 G004.45-19.55 is a strong-lensing cluster hosting a radio relic (Sifón et al. 2014; Albert et al. 2017). The cluster was targeted for spectroscopic follow-up (Sifón et al. 2014; Albert et al. 2017). The data consist of 35 redshifts and were made available to the community by the authors3.
3.3. Observational campaign
The mass calibration goal can be achieved by combining archival data, ongoing surveys, and dedicated proposals. A multi-wavelength campaign is ongoing to cover the full CHEX-MATE sample. The Heritage consortium was awarded ∼39h with OmegaCam at VST (VLT Survey Telescope) from semester S19B to S21B, ∼21h at MegaCam at CFHT (Canadian-France-Hawaii Telescope) in semesters S19B and S20A, and ∼25h at HSC (Hyper Suprime-Cam) at the Subaru telescope in semesters S19B and S20A for multi-band photometry.
In order to obtain measurements of velocity dispersions on the whole CHEX-MATE sample, an observational campaign has been led at ESO (PIs S. Maurogordato and M. Sereno) and at Roque de los Muchachos Observatory (PI R. Barrena) facilities to cover the clusters with no or few spectroscopically confirmed members.
Multi-object spectroscopy of scarcely covered clusters was performed with ESO facilities in 2022-2023 (runs 0110.A-4192 and 0111.1-0186) with 19.15 nights allocated with EFOSC2 at NTT (New Technology Telescope), and 13.3 hours with FORS2 at VLT-UT1 (Very Large Telescope Unit 1) to observe nearby or distant clusters, respectively. Eight clusters were observed with EFOSC2 at NTT (PSZ2 G263.68-22.55, PSZ2 G346.61+35.06, PSZ2 G266.83+25.08, PSZ2 G340.94+35.07, PSZ2 G325.70+17.34, PSZ2 G062.46-21.35, PSZ2 G106.87-83.23, PSZ2 G259.98-63.43) and 3 clusters with FORS2 at VLT (PSZ2 G243.15-73.84, PSZ2 G004.45-19.55, and PSZ2 G155.27-68.42).
We present hereafter the results of the ESO campaign with EFOSC2 at NTT, whose observations and data reduction were recently completed. Due to a EFOSC2 punching machine failure, the runs originally scheduled in multi-object mode were performed in long slit mode, resulting in a lower efficiency than that anticipated. Spectra are extracted and calibrated using a pipeline based on tasks available in PyRAF4. Redshifts are measured by cross-correlating galaxy spectra with templates using the xcsao task in the rvsao package (Kurtz et al. 1992). The number of measured redshifts is between 2 and 26 per cluster with a median of 20 candidates per cluster, for a total of 164 redshifts measured in the cluster fields of view. The redshifts are reported in Appendix C.
4. Membership
Galaxy clusters lie at the highest density nodes of the cosmic web. One of the main difficulties in estimating the velocity dispersion is the identification of galaxies which are real members of the cluster. The only available component of the 3D velocity field is its projection along the line-of-sight. The observed phase-space distribution differs from the real one due to projection effects, and galaxies at large proper distances from the cluster centre that are physically located outside the virialised halo may appear to lie at small projected radii.
The fraction of contaminants, called interlopers, can be as large as ∼40% (Mamon et al. 2010), and it can significantly bias the velocity dispersion to higher values (Wojtak et al. 2007). Numerous approaches have been developed to reduce the fraction of interlopers (Old et al. 2014), from the pioneering 3-sigma clipping method (Yahil & Vidal 1977) to methods using the projected phase-space distribution, such as the shifting gapper (Fadda et al. 1996; Girardi & Mezzetti 2001; Biviano & Girardi 2003; Bayliss et al. 2016) or the CLEAN method (Mamon et al. 2013). We eliminate interlopers with an adaptation of the CLEAN method, which we detail in the following subsections.
4.1. Estimators
Robust summary estimators of the velocity distribution have been proposed (Beers et al. 1990). Here, to measure location and scale of the velocity distribution, we use the bi-weighted estimators (Beers et al. 1990), which are very robust even for the very low number of galaxy redshifts per cluster of some CHEX-MATE clusters. Uncertainties are obtained by bootstrap resampling with replacement of the velocity distribution for each cluster.
Our collection of data is heterogeneous, and the spatial coverage of the candidate member galaxies is not uniform, or, in some occasions, it can be limited to the inner regions. We rely on some working hypotheses. Firstly, we assume that the galaxies follow the mass distribution. Secondly, we derive an effective aperture radius, Rap, as two times the mean radial distance of the candidates from the centre, as for galaxies following a near isothermal density profile. When we measure the velocity dispersion of the confirmed galaxies, we interpret it as an aperture velocity distribution measured within Rap. In this way, we correct for not uniform, or incomplete coverage.
4.2. Initial candidates
Candidate member galaxies are selected in phase space. The radius and velocity search windows are chosen to properly map the velocity distribution. We select galaxies in a cylinder centred on the location of the X-ray peak of the cluster (Bartalucci et al. 2023).
The redshift selection is performed using a search window of ±12000 km s−1 in rest-frame velocity, corresponding to Δz ∼ 0.04 (1 + z) around the redshift of the cluster. For this first step, we take the redshifts from the Planck PSZ2 catalogue as revised in CHEX-MATE Collaboration (2021).
The rest-frame velocity window is by design poorly constraining and allows the algorithm to readjust in case of an inaccurate initial redshift estimate, as might be the case, for example, for a Planck cluster validated with a few photometric redshifts, or for multi-modal velocity distributions. Since Planck redshifts are in general accurate, we verify that a smaller search window in rest-frame velocity (e.g., ±6000 km s−1) would only have impacted three clusters, which are discussed in the following as bimodal or misplaced clusters.
The first-step selection process ensures a high membership completeness at the detriment of purity, which is increased by the second-step interloper rejection (see Sect. 4.3). Some summary statistics for the initial candidates are reported in Table 1. There are 106 (103) clusters with at least 5 (10) initial candidates, for a total number of 23292 candidate members.
4.3. Cleaning
CLEAN selects cluster members based on their location in projected phase-space, R–vrf, where R is the projected radial distance from the cluster centre and vrf = c(z − zloc)/(1 + zloc) is the rest-frame velocity, with the cluster redshift zloc estimated on the identified cluster members (Mamon et al. 2013). For the cluster centre, we keep the position of the X-ray peak. Galaxies whose peculiar rest-frame velocities lie within ±κσlos(R) from the central velocity are identified as members with an iterative method. Here, we describe our adaptation of the method.
As a first estimate, we measure the redshift location and the velocity dispersion of the candidate member galaxies within θMMF3, 500 from the X-ray peak. The relatively small aperture is meant to favour selection of galaxies in the main clump and filter out substructures at larger radii which could significantly bias high the initial estimate of the velocity dispersion. However, we verify that our procedure is very stable with respect to different choices.
Given the measured velocity dispersion within the estimated aperture radius, we use the halo model described in Sect. 2 and Appendix A to invert Eq. (1) and solve for the halo mass M200c under the hypothesis that the tracers follow the mass distribution. From the mass, we can compute the virial radius and the expected line-of-sight velocity distribution. The membership is assigned by selecting galaxies with rest-frame velocities smaller (in absolute value) than κ × σlos(R). We adopt κ = 2.7, which preserves the LOS velocity dispersion profile (Mamon et al. 2010, 2013). The radius r200c, as well as the radial distances from the centre in proper length, are recomputed at each step of the iterative process.
We compute the velocity centre and dispersion of the filtered sample. Only members within r200c from the centre are considered for this step. We iterate until convergence, checking that the velocity dispersion had changed by no more than 0.05 per cent. The result of the cleaning procedure is shown in Fig. 2 for PSZ2 G044.20+48.66, aka Abell 2142, the CHEX-MATE cluster with the most confirmed members in the virialised region (i.e., 778 members within r200c). Even though radial distances are recomputed at each iteration step with the newly determined redshift location, in the plot, for better visualisation, we consider the final redshift at all steps.
	[image: thumbnail]	Fig. 2. Projected phase-space diagram of the galaxies in the field of PSZ2 G044.20+48.66 (Abell 2142) and member selection. The distance Dc is the angular diamater distance to the cluster. This is the CHEX-MATE cluster with the greatest number of confirmed redshifts in the virialised region. The initial candidates within a radial distance of 3θMMF3, 500c from the X-ray peak, and within a window in velocity of ±Δvrf, PSZ2 with Δvrf, PSZ2 = 12 000 km s−1 from the nominal PSZ2 estimate, are shown in orange. The virialised members (in blue) are selected within a radial distance of r200c and a rest-frame velocity window of ±κσlos(R), with κ = 2.7, where σlos is the velocity dispersion along the line-of-sight at projected radius R. Radial distances are shown assuming the final cluster redshift.



If we find the velocity distribution of the selected members to be multi-modal after convergence, we split the distribution in clumps and re-run the cleaning on each clump. We detail the procedure below.
4.4. Substructures
The cleaning procedure in Sect. 4.3 is robust against irregular or bimodal clusters, and it usually identifies the main halo, but some substructures can still persist. The original CLEAN method selects the main clump before the iterative process (Mamon et al. 2013), but here we prefer to check for substructures in a second step due to the uneven coverage of candidate members.
The regularity of the velocity distribution of the filtered members is checked with the dip test (Hartigan & Hartigan 1985), which measures multimodality by the maximum difference between the empirical distribution function and the unimodal distribution function that minimises that maximum difference. If the null hypothesis of unimodality is rejected at 3-σ, that is, the p-value of the dip statistics on the filtered redshift distribution is smaller than (1 − 0.9973), we analyse the two larger clumps.
Galaxies are associated with clumps with the relative velocity gap technique (Wainer & Thissen 1976), with gapper coefficient C = 4 (Girardi et al. 1993; Mamon et al. 2013). If the original data distribution of the redshifts was Gaussian with 100 sampled items, we expected to find ∼99.7% of the rescaled weighted gaps to be less than C = 4.
For each clump, we repeat the iterative cleaning (see Sect. 4.3), now considering as first guess the distribution of all galaxies in each clump. We identify the Planck cluster as the most massive clump. The cleaning procedure for a cluster that is bimodal in phase space is illustrated in Fig. 3.
	[image: thumbnail]	Fig. 3. Projected phase-space diagram of the galaxies in the field of PSZ2 G040.03+74.95 (Abell 1831) and member selection. The distribution is clearly bimodal. The initial candidates within a radial distance of 3θMMF3, 500c from the X-ray peak, and within a window in velocity of ±Δvrf, PSZ2 with Δvrf, PSZ2 = 12 000 km s−1 from the nominal PSZ2 velocity, are shown in orange. The candidate virialised members that passed the first cleaning procedure (in blue) are selected within a radial distance of r200c and a rest-frame velocity window of ±κσlos(R), with κ = 2.7. In green and red, we show the result of the cleaning procedure on each sub-clump. For visualisation purposes, radial distances are here shown assuming the same cluster redshift (the result of the first cleaning procedure) for all galaxies. For this cluster, all members selected at the first step (violet) are also virialised members (blue, which is superimposed on violet).



We find only two cases with significant substructures after the first cleaning procedure. The cluster PSZ2 G040.03+74.95 at z = 0.076, aka Abell 1831 or RXC J1359.2+2758, shows two peaks in the velocity distribution (see our Fig. 3; Kopylov & Kopylova 2010; Maurogordato et al. 2005). It is part of a supercluster with high multiplicity (Chow-Martínez et al. 2014). Abell 1831 is a visual superposition of the two clusters Abell 1831A and Abell 1831B, nearly aligned along the line of sight, but at different redshifts, z ∼ 0.063 and z ∼ 0.075, respectively (Kopylov & Kopylova 2010; Lakhchaura & Singh 2014). Abell 1831B is a much richer cluster than A1831A, the latter being a poor foreground cluster. The X-ray emission is mostly associated with Abell 1831B, and its peak, as derived in Bartalucci et al. (2023), coincides with the galaxy CGCG 162-041 at z ∼ 0.076 identified in Maurogordato et al. (2005). According to our results, the main clump, M200c = (20 ± 4)×1014 M⊙, is much more massive than the foreground cluster, M200c = (1.4 ± 0.5)×1014 M⊙, in line with previous results (Kopylov & Kopylova 2010). The subsystem Abell 1831A was the first to be covered with spectroscopic measurements, and its redshift was usually adopted as the redshift of the entire A1831 cluster (Kopylov & Kopylova 2010), as also done for the Planck catalogue.
The other bimodal cluster is PSZ2 G218.81+35.51, aka MS 0906.5+1110 or RXC (MCXC) J0909.1+1059, at z = 0.178. The cluster is coupled with a large region of diffuse extended emission ∼2.3′ away, which corresponds to cluster Abell 750 at z = 0.164 (Logan et al. 2022). The masses of the two systems are comparable, M200c = (5.1 ± 0.9)×1014 M⊙ for the CHEX-MATE cluster versus M200c = (3.4 ± 0.6)×1014 M⊙ for the companion.
4.5. Confirmed members
The number of confirmed members per cluster varies significantly (see Fig. 4). We find at least two confirmed member galaxies within r200c for 105 out of 118 CHEX-MATE clusters. For 7 clusters, there are no candidate galaxies in the initial search space. For four clusters, there is just one candidate. There is one cluster with 5 candidates but no confirmed members, and one cluster with 9 candidates but just one confirmed member.
	[image: thumbnail]	Fig. 4. Reverse cumulative distribution of the number of confirmed member galaxies with spectroscopic redshifts within r200c per cluster.



The median number of confirmed members within r200c is 82.5 for the full CHEX-MATE sample, 96 for clusters with at least two confirmed members, and 97 for clusters with at least 10 confirmed members. The cluster with the most confirmed members is PSZ2 G044.20+48.66, aka Abell 2142 or RXC J1558.3+2713, with 778 (see Fig. 2).
The virial region is usually well sampled (see Fig. 5). For most of the clusters, the radial distribution of confirmed members reaches or extends beyond r200c. For 77 out of 105 clusters with measured velocity dispersion, Rmax/r200c ≥ 0.9, where Rmax is the maximum radial distance. The distributions are also homogeneous, with Rap/Rmax ≥ 0.9 for 64 clusters out of 105 clusters.
	[image: thumbnail]	Fig. 5. Distribution of the maximum radius, Rmax, and of the effective aperture radius, Rap, of the confirmed member galaxies within r200c. Radii are in units of r200c.



For a reliable estimate of the velocity dispersion, we require at least 10 members with spectroscopic redshifts within r200c (Beers et al. 1990; Girardi et al. 1993), a cut passed by 101 clusters. Even though a reliable estimate could be based on just 5 members if randomly drawn from the parent sample (Beers et al. 1990), selection biases, for example in luminosity (Biviano et al. 1992; Old et al. 2014), could affect our heterogeneous dataset, and a threshold of 10 members is more conservative (Girardi et al. 1993).
The velocity dispersions are well recovered. For clusters with at least 10 members, we estimate the aperture velocity dispersion within r200c with a precision of 69 ± 36 km s−1 (7 ± 4%) for the sample. The precision scales with the number of members galaxies, with [image: equation] (see Fig. 6).
	[image: thumbnail]	Fig. 6. Precision in the estimate of the aperture velocity dispersion within r200c as a function of the confirmed members within the aperture. The precision scales approximately as [image: equation].



The clusters with measured σ are highly representative of the parent sample (see Fig. 1). The Kolmogorov-Smirnov test gives p-values in excess of 0.999 for both the mass or redshift distributions of the full sample. The sample includes 55 (50) out of 61 Tier 1 (2) clusters.
5. Redshift and velocity dispersion
The measurements of location and scale of the velocity distribution are performed on the clean sample, that is, the confirmed member galaxies with spectroscopic redshift within r200c. The results of our analysis are presented in Table B.1.
5.1. Cluster redshifts
Here, we compare the estimated cluster redshifts with the estimates from the PSZ2 catalogue. We limit the comparison to the 105 CHEX-MATE clusters with at least two confirmed members. Our analysis confirms the reliability of the PSZ2 redshifts (see Fig. 7), with only four PSZ2 redshifts differing from our estimates by more than 0.01 × (1 + z). We discuss the exceptions in the following.
	[image: thumbnail]	Fig. 7. Normalised redshift difference between the cluster redshift from the PSZ2 catalogue and our estimates.



The cluster PSZ2 G062.46-21.35, aka RXC J2104.9+1401 or ACT-CL J2104.8+1401, was assigned a redshift of zPSZ2 = 0.1615 in the PSZ2 catalogue. It is one of 4195 optically confirmed, SZ selected galaxy clusters detected with signal-to-noise ratio larger than 4 by the Atacama Cosmology Telescope (Hilton et al. 2021). The Planck redshift estimate is based on only one bright galaxy, likely assumed to be the BCG. Our EFOSC2 observations confirm the galaxy redshift, but show that it is a foreground galaxy. We update the cluster redshift to z = 0.202 ± 0.001 based on 15 confirmed members within r200c.
The cluster PSZ2 G004.45-19.55 is a newly confirmed Planck cluster at zPSZ2 = 0.54. Sifón et al. (2014) and Albert et al. (2017) updated the redshift to z = 0.52 with spectroscopic data from dedicated follow-up programmes. For our determination, we use the same data (see Sect. 3) and obtain a consistent result (z = 0.519 ± 0.002) based on 16 confirmed members.
The cluster PSZ2 G143.26+65.24, aka RM J115914.9+494748.4, at zPSZ2 = 0.36321 was validated in the Planck catalogue with redMaPPer, whose catalogue reports a photometric redshift of zλ = 0.36321 ± 0.01366 and a spectroscopic redshift of z = 0.350117. Our estimate of z = 0.349 ± 0.001 is based on 25 confirmed members. It is in full agreement with the spectroscopic redMaPPer redshift and consistent within 1-σ with the photometric estimate used for the Planck catalogue.
The cluster PSZ2 G040.03+74.95, aka Abell 1831, is a bimodal system already discussed in Sect. 4.4. In the Planck catalogue, the cluster is associated with the foreground clump A1831A, whereas we identify A1831B as the main clump at z = 0.0756 ± 0.0004 based on 125 confirmed members.
5.2. Velocity dispersion
A number of CHEX-MATE clusters were the subjects of dedicated studies and spectroscopic campaigns, and their velocity dispersions are available in previous studies. To compare our results with the literature, we consider the version 2 of the Sigma Catalogs of velocity dispersions (SC, Sereno & Ettori 2015a), two meta-catalogues collecting and homogenising data for 4544 clusters (3476 unique items) from 29 sources5.
SC-single is the catalogue of unique entries. We identify counterparts by matching with clusters from the CHEX-MATE sample whose redshifts differ by less than Δz = 0.05 (1 + z) and whose projected distance in the sky does not exceed 10′. We find 89 matches with the full CHEX-MATE sample. SC-all comprises the full body of information and it can contain multiple entries per cluster.
Out of the 89 clusters in the matched SC sample, there are 86 clusters which we could measure a velocity dispersion for. For the subsample of 84 clusters with reported info on the members in SC-single, the median number of members is 115 (89) for our sample (SC). Whereas we limit the analysis to members within r200c, this is not necessarily true for the literature sample.
We compare aperture velocity dispersions. A direct comparison is not straightforward as estimates in the literature can use a variety of data, aperture radii, velocity dispersion estimators, or methods for interloper removal. Notwithstanding these caveats, the agreement is good (see Fig. 8). There are only two clusters for which
	[image: thumbnail]	Fig. 8. Aperture velocity dispersions from our analysis compared to results from the literature. The bisector line tracks y = x.
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where σSC is the aperture velocity reported in SC-single, σap, 200c is our estimate of the aperture velocity dispersion within r200c, and the δ’s are the associated uncertainties.
The entry in SC-single for PSZ2 G031.93+78.71, that is, Abell 1775, is from a preliminary analysis —later updated by Aguado-Barahona et al. (2022)— that labelled the cluster as clearly substructured, and they deemed the velocity dispersion estimate as not trustable. Our estimate of σap,200c = 560 ± 57 km s−1 is in better agreement with other estimates from the literature reported in SC-all. Girardi et al. (1998) found σap = 36 ± 164 km s−1; Sohn et al. (2020) found σap = 597 ± 58 km s−1; Rines et al. (2016) found σap = 57 ± 62 km s−1.
The cluster PSZ2 G107.10+65.32, aka Abell 1758, is a complex system with a Northern and a Southern component (Monteiro-Oliveira et al. 2017). Monteiro-Oliveira et al. (2017) performed a detailed multi-probe analysis. The Northern component, associated with the main X-ray peak, is clearly bimodal as seen in WL or X-ray observations. The east–west bimodality in the Northern component cannot be observed in the projected, one-dimensional velocity distribution of the member galaxies, from which Monteiro-Oliveira et al. (2017) estimated σap ∼ 1442 km s−1, very close to our estimate of σap,200c = 1475 ± 56 km s−1. However, the two-dimensional analysis of the galaxy distribution reveals two peaks in the Northern component with velocity dispersions of σap ∼ 1296 ± km s−1 and σap ∼ 1075 km s−1 (Monteiro-Oliveira et al. 2017). Other analyses of the system from the literature reported in SC-all favour lower values, see Sohn et al. (2020), who found σap ∼ 765 ± 50 km s−1 (the entry for SC-single), Sifón et al.(2015, σap = 744 ± 107 km s−1), or Rines et al.(2016, σap = 74 ± 84 km s−1).
A quantitative comparison can be performed with a linear regression,
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where Fz = H(z)/H(zref) is the redshift dependent Hubble parameter normalised to the reference redshift of the sample, zref = 0.2, and σpivot = 1000 km s−1 is the pivot velocity dispersion. The bias at the reference velocity dispersion and redshift,
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can be computed as b = 10α − 1.
The regression follows the CoMaLit (Comparing Masses from Literature) Bayesian scheme described in Sereno & Ettori (2015b, 2015), Sereno & Ettori (2015a, 2017), which we refer to for details, and is performed with the R-package LIRA (Sereno 2016)6.
For our analysis, we assume that both X = log(σap, 200c/σpivot), that is, the covariate in Eq. (3), and Y = log(σSC/σpivot), that is, the response, are scattered, and possibly biased, proxies of the true aperture velocity dispersion, Z, whose distribution we model as a Gaussian with redshift dependent mean and variance (Sereno & Ettori 2015a). We assume that, apart from the intrinsic scatter, the covariate is unbiased with respect to the true aperture velocity dispersion.
We consider non-informative priors (Sereno & Ettori 2015a, 2017): uniform distribution for the normalisation α and the mean of the distribution of Z; the Student’s t1 distribution with one degree of freedom for the slopes β and γ; the Gamma distribution for the inverse of either variances or intrinsic scatters.
We find marginal agreement with the sample from the literature, with α = −0.038 ± 0.008, that is a bias of −8.3 ± 1.7%, with no evidence for evolution with velocity dispersion, β = 0.99 ± 0.16, or time, γ = −0.1 ± 0.4. We repeat the regression assuming no evolution (β = 1, and γ = 0), and we find α = −0.038 ± 0.008, that is, a bias of −8.4 ± 1.6%.
A significant number of clusters in the matched sample (47 out of 86) come from Sohn et al. (2020), who constructed the HeCS-omnibus cluster sample exploiting Hectospec at MMT (Multiple Mirror Telescope) or SDSS observations. This subsample drives the comparison and leads to the bias. If we consider only this subsample, we find a bias of −11 ± 2%, whereas, if we consider only the remaining clusters, we find a bias of −3 ± 3%, which is compatible with no bias.
The bias might be due to the different selection of member candidates. Sohn et al. (2020) used the caustic technique for cluster membership and mass determination. Caustic-based methods can efficiently remove the high-velocity interlopers, but require a large number of spectroscopic members, and they might be less effective at rejecting low-velocity galaxies near the turnaround radius (Saro et al. 2013 and references therein). As a result, velocity dispersions computed after rejection of interlopers based upon caustic techniques might be lower than results based on other methods (Saro et al. 2013).
6. Dynamical masses
We present how we derive dynamical masses and how we validate them with comparison to WL estimates.
6.1. Derivation
The relation between mass and velocity dispersion is well established on theoretical grounds. Numerical simulations and analytical models agree on a nearly self-similar scenario (Kaiser 1986; Voit 2005), where σ is a reliable proxy of the mass.
The internal kinematics of member galaxies in a spherical halo can be conveniently derived assuming a shape for the total mass profile, M(r) (or equivalently the gravitational potential), a velocity anisotropy profile, βσ(r), and a shape for the 3D velocity distribution (Mamon et al. 2013). To derive the main, integrated kinematic properties, we do not need to model the full velocity distribution (see Appendix A). The radial velocity dispersion, σr(r), can be obtained by solving the spherical Jeans equation under the hypothesis that the tracers follow the mass distribution. The line-of-sight, σlos(R), and the aperture, σap(R), velocity dispersion can then be derived by integration of the (weighted) radial velocity (Łokas & Mamon 2001).
In Fig. 9, we compare results from simple analytical models with numerical simulations (Evrard et al. 2008; Munari et al. 2013). As representative results from studies based on numerical simulations, we consider the DM-only analysis from Evrard et al. (2008), and the results for DM particles in a hydrodynamical simulation set with cooling and feedback from active galactic nuclei (AGN) or supernovae (SN) from Munari et al. (2013). Realistic models and simulations are in good agreement, with differences at the subpercent level. Only unrealistic models, as, for example, the strongly anisotropic model with only radial motions (βσ = 1), show large deviations.
	[image: thumbnail]	Fig. 9. Relation between mass and 1D velocity dispersion, both for analytical models (full lines) and for results from numerical simulations (dashed lines). Top: Relative difference with respect to the reference model as a function of mass. Bottom: Mass–velocity dispersion relation.



In this work, we compute dynamical masses at the same time and consistently with the member selection. We adopt the same one-parameter halo model used for cleaning. The model is uniquely determined by the mass. Given the measured velocity dispersion within a given aperture radius, we invert Eq. (1) to estimate the halo mass. The model can be used to estimate, for example, the halo concentration and the aperture or 1D velocity dispersion within the virial radius. Dynamical masses, Mσ, rΔc, are reported in Table B.1.
6.2. Validation with WL masses
Dynamical masses can be validated by comparison with WL masses. WL by galaxy clusters is well understood (Bartelmann & Schneider 2001; Umetsu 2020) and offers a reliable tool to accurately measure cluster masses, either from targeted observations (see, e.g., Hoekstra et al. 2012; von der Linden et al. 2014a; Applegate et al. 2014; Hoekstra et al. 2015; Umetsu et al. 2014, 2016; Okabe & Smith 2016; Dietrich et al. 2019) or from survey data (see, e.g., Sereno et al. 2017a; Umetsu et al. 2020; Melchior et al. 2015; Medezinski et al. 2018; Sereno et al. 2017a, 2018a; Euclid Collaboration 2024b).
For comparison with the literature, we consider the Literature Catalogue of weak Lensing Clusters of galaxies (LC2 or LC2, Sereno 2015). The LC2s are meta-catalogues of WL masses retrieved from the literature and homogenised7. The latest compilation (v3.9) contains 1501 clusters and groups (806 unique) from 119 bibliographic sources. We consider the LC2-single catalogue of unique clusters, where a single mass measurement per cluster is reported.
The WL meta-catalogue is matched to the CHEX-MATE sample by finding clusters whose redshifts differ for less than Δz = 0.05 (1 + z) and whose projected distance in the sky does not exceed 10′, as also done in Sect. 5.2. We find 61 matches, 59 of them with measured velocity dispersion and dynamical mass.
Agreement is quantified similarly to Sect. 5.2 by investigating the scaling relation,
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where Mpivot = 1 × 1015 M⊙.
We find no evidence for bias (α = 0.03 ± 0.06), dependence on mass (β = 1.1 ± 0.4), or evolution with redshift (γ = 0.2 ± 1.3). Assuming no evolution (β = 1, and γ = 0), we measure α = 0.05 ± 0.04 (see Fig. 10).
	[image: thumbnail]	Fig. 10. WL masses from the literature vs. dynamical masses. The bisector line tracks y = x.



7. Planck mass bias
The era of Stage-IV surveys (Euclid Collaboration 2024a) now includes the successful launch of the Euclid satellite, which is operating and scanning the sky. This opens a new chapter for cosmological probes based on cluster number counts when results from Stage-III surveys or multi-wavelength precursors are still far from conclusive. A number of analyses (Planck Collaboration XX 2014; Planck Collaboration XXIV 2016; Costanzi et al. 2021) found results in tension with multiple cosmological probes, for example, SN, baryon acoustic oscillations, cosmic shear, galaxy clustering, or CMB (cosmic microwave background) anisotropies. This has been seen either as a possible sign of physics beyond the ΛCDM model or, much less glamorously, as the result of unaccounted for systematic uncertainties. In fact, a recent analysis of the KiDS survey, with a complete and pure cluster sample and well controlled mass assessment through WL showed results consistent with other probes (Lesci et al. 2022).
The Planck sample is still a primary source for cosmology and astrophysics, and there is still a need for unbiased mass measurements. Planck masses, that is the masses reported in the PSZ2 catalogue, were calibrated with a local subsample of relaxed clusters with precise HE mass measurements (Planck Collaboration XX 2014). It is well understood that a bias can exist in HE or X-ray calibrated mass measurements (Sereno & Ettori 2015b),
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In our notation, the bias is negative for under-estimated masses8. Very large bias values of bPSZ2 ∼ −0.4 are needed to fully reconcile the official Planck number count analysis with other probes (Planck Collaboration XX 2014; Planck Collaboration XXIV 2016).
Based on a suite of numerical simulations (Battaglia et al. 2012; Kay et al. 2012), the Planck team estimated [image: equation]. Observational constraints mostly agree with this estimate. Planck masses are biased low with respect to WL calibrated masses (von der Linden et al. 2014b; Sereno & Ettori 2017; Sereno et al. 2017a). Values of bPSZ2 ∼ −0.3–0.4 were found for some high-mass, intermediate redshift subsamples (von der Linden et al. 2014b), even though other results from cluster WL (Smith et al. 2016) or CMB lensing (Planck Collaboration XXIV 2016) showed a nearly null bias. However, most WL results agrees on values of bPSZ2 ∼ −0.2 when selection effects are accounted for (see, for example, Sereno & Ettori 2017 for a homogeneous reanalysis of WL cluster samples). When accounting for redshift evolution too, there is some evidence for a bias that is more pronounced for high redshift clusters (Sereno & Ettori 2017; Aymerich et al. 2024), which could alleviate the cosmological tension even for biases that are less extreme than ∼ − 0.4.
The previous results are mostly based on WL masses, which can also be biased (Sereno & Ettori 2015b). It is useful to asses the bias with independent methods. Lesci et al. (2023) investigated the clustering of the Planck clusters, focusing on the redshift-space two-point correlation function, to find bPSZ2 ∼ −0.4. Previous assessments of the Planck mass bias based on dynamical masses are of particular interest to our analysis. Amodeo et al. (2017) measured a mass bias of bPSZ2 = −0.36 ± 0.11 using dynamical mass measurements based on velocity dispersion of 17 Planck clusters. Ferragamo et al. (2021) estimated a mass bias of bPSZ1 = −0.17 ± 0.07 from a sample including 270 clusters from the PSZ1 sample. Recently, Aguado-Barahona et al. (2022) determined bPSZ2 = −0.20 ± 0.06 from a complete subsample of 388 clusters from the PSZ2 catalogue.
We can estimate the mass bias by comparing the CHEX-MATE dynamical masses to the Planck masses,
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where Mpivot = 7.25 × 1014 M⊙ (i.e., the mass threshold for the Tier 2 clusters). At the pivot mass, and at the reference redshift, the bias can be derived as bPSZ2 = 10α − 1.
Selection effects or Eddington/Malmquist biases may affect the linear regression in Eq. (7). The PSZ2 sample is selected by SZ properties. CHEX-MATE clusters are selected by (S/N)MMF3 and, on top of this, Tier-2 clusters pass the condition MMMF3, 500c > 7.25 × 1014 M⊙. We can account for most of the selection effects by modelling the conditional probability of the Planck mass measurements as a truncated normal distribution (Sereno & Ettori 2015a; Sereno 2016; Sereno & Ettori 2017),
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where 𝒩 is the Gaussian distribution, 𝒰 is the step function, Y is the true value of log(FzMPSZ2, 500c/Mpivot), y is the measured value of Y, and δy, i is the measurement uncertainty. We fit for MPSZ2, 500c whereas the cut in mass is in MMMF3, 500c. We account for this by taking as mass threshold the minimum mass of the Tier-2 clusters and by also considering an uncertainty in the threshold, yth, as large as the measurement uncertainty.
The data are not sufficient to probe evolution with redshift (γ = 1.8 ± 0.9), whereas we find some not conclusive evidence for dependence on mass (β = 0.4 ± 0.1). Some systematic uncertainties could be mass dependent (see Sect. 8), and we should better understand them before drawing any conclusion. In the following, we do not discuss the mass dependence but we focus on the normalisation after marginalising over the other parameters. When we consider a model where β and γ are free, we find that Planck masses are under-estimated with respect to dynamical masses, α = −0.18 ± 0.02. At the reference mass and redshift, we find a mass bias of bPSZ2 = −0.34 ± 0.03. Assuming no evolution (β = 1, and γ = 0), we find α = −0.21 ± 0.03, and bPSZ2 = −0.38 ± 0.04 (see Fig. 11). Our analysis cannot disprove the very high mass bias required to reconcile the Planck number count analysis with other probes.
	[image: thumbnail]	Fig. 11. CHEX-MATE dynamical masses vs Planck masses. The bisector line tracks y = x.



8. Systematic errors
We review some systematic errors that could affect our results. For our model and a self-similar scenario, MΔ ∼ σΔ3, and the relative uncertainty in the mass is three times as large as the relative uncertainty in velocity dispersion.
8.1. Velocity bias
Theoretical results are mostly based on DM whereas we measure the velocity dispersion of galaxies. Results from numerical simulations vary according to the tracer of the potential field, such as DM particles, subhaloes, red or blue galaxies, and to the assumed gas and baryonic physics, for example, radiative cooling or feedback from AGN, or SN and stars (Munari et al. 2013).
Galaxy velocity dispersion can be biased with respect to DM velocity dispersion. Competing effects, such as dynamical friction or mergers, coupled with selection effects in colour, magnitude, or aperture, can bias the velocity dispersion low or high. For the CHEX-MATE mass range, the mass bias is predicted to be of the order of ∼5 percent (Saro et al. 2013; Farahi et al. 2018; Amodeo et al. 2017; Armitage et al. 2018), comparable to the statistical uncertainty.
8.2. Selection bias
Galaxy velocity dispersion estimates depend on the selected galaxies. Member galaxies at different evolution stages or with different properties can experience a different dynamical status. Velocity dispersion can change based on galaxy luminosity or type, or due to segregation effects. A sample of a few dozens of confirmed luminous member galaxies can be representative of the full population. By selecting the subset of the 100 (30) most luminous red-sequence galaxies within a cluster, the velocity dispersion bias is ∼0% (∼ − 4%) (Saro et al. 2013). The median number of spectroscopic redshifts per cluster of our sample is 97, and the bias is expected to be negligible.
The bias is significantly smaller if the galaxies are randomly selected (Saro et al. 2013). Due to the heterogeneous nature of the data that we collected, it is difficult to establish whether galaxies were actually selected by luminosity for some CHEX-MATE clusters, even though in a few cases we know that candidate member galaxies were selected with no bias with respect to their formation history (see e.g. Sect. 3.2).
We find no significant difference in our results by considering subsamples with a larger number of confirmed members. If we limit our analysis to clusters with at least 25 confirmed members within r200c, we find that the normalisation of the σSC-σap,200c, Mσ-MLC, or MPSZ2-Mσ relation change by 0.4 ± 2%, 5 ± 9%, or 2 ± 4%, respectively. These variations are compatible with zero, that is, a null effect.
8.3. Interlopers
Interlopers can significantly bias the mass estimate (Cen 1997; Diaferio 1999; Biviano et al. 2006). However, we perform a conservative interloper removal (see Sect. 4). The CLEAN method has proved to be very effective, and the mass can be recovered at the percent level for different dynamical settings (Mamon et al. 2013).
The interloper velocity bias is minimum if the velocity dispersion is computed within an aperture near the virial radius (Saro et al. 2013). The bias for well sampled clusters (∼100 members within r200c) can be at the percent level in the redshift and mass range covered by the CHEX-MATE clusters (Saro et al. 2013). Even though the velocity bias is small, interlopers can increase the scatter (Saro et al. 2013).
The systematic uncertainty due to interlopers can be measured by comparing the results of different rejection methods. Our comparison with literature values in Sect. 5.2 hints at systematic uncertainties as large as 10%, even though differences are usually smaller.
The member selection is very stable with respect to the settings. At the ensemble level, we find no significant differences, for example, by considering a search window of ± 6000 km s−1 in rest-frame velocity for the initial cut or by selecting members with rest-frame velocities smaller than ±3 σlos(R).
8.4. Halo model
We derive dynamical masses based on the ML anisotropy profile and the mass-concentration relation from Diemer & Joyce (2019). These are known to be a good description of real cluster profiles on average (Biviano et al. 2021).
Adopting different models would not make a large difference in the membership selection, since they would predict similar velocity dispersion profiles (Mamon et al. 2013; Biviano et al. 2021).
However, if the adopted profiles are not a good description of the individual cluster profile, dynamical masses might be biased. The scatter of the proxy depends on how close the chosen model is to reality. As we verify by comparison with WL masses, we find no sign of statistically significant bias.
Results based on alternative models with c200c ∼ 4 and βσ ∼ 0.5, or from numerical simulations differ from our results by less than 1 % in the CHEX-MATE cluster mass range (see Fig. 9), a systematic difference which is not significant in comparison to the statistical precision for our sample.
8.5. Radial coverage and aperture
The ratio of kinetic to potential energy depends on the mass accretion history (Sereno et al. 2021), and it can be overestimated in the inner regions with respect to larger radii (Power et al. 2012). Aperture effects should not bias results in the redshift and mass range covered by CHEX-MATE (Saro et al. 2013). We select galaxies over a representative radial range (see Figs. 5 and 12, with Rap/r200c = 0.9 ± 0.2), and our estimates should not be significantly impacted due to incomplete coverage.
	[image: thumbnail]	Fig. 12. Distribution of radial distances, in units of r200c, of the confirmed member galaxies with spectroscopic redshift within r200c.



To estimate the effective aperture radius, we assume a nearly isothermal density distribution for the galaxies, which produces a nearly uniform distribution of radial distances after weighting for the larger area at larger radii. This assumption can be checked by considering the distribution of normalised radial distances of the confirmed members (see Fig. 12). Inner regions are on average better covered by observations, even though most CHEX-MATE clusters are usually covered up to r200c (see Fig. 5). If we assume a constant, flat surface density (a quite extreme scenario) rather than the isothermal density distribution, the aperture radius can be estimated as 1.5 times the mean radius. With this conversion factor to estimate the aperture radius in the iterative cleaning procedure, we estimate that σap,200c for the ensemble is larger by 2.4 ± 0.1%, with a scatter of ≲1%. Alternatively, assuming a more concentrated galaxy distribution and a conversion factor of 2.5 in the iterative cleaning procedure (a quite extreme scenario), we estimate that σap,200c for the ensemble is smaller by −2.0 ± 0.1%, with a scatter of ≲1%.
8.6. Physical region
We conservatively measure velocity dispersions based on members within r200c, that is, a region where the cluster is mostly virialised. Alternatively, we can consider members up to larger radii. The most recently accreted particles that have passed through the pericentre of their orbit once since their infall pile up near the apocentre of their first orbit, thus creating a sharp density enhancement or caustic in the halo outskirts at the splashback radius (Diemer & Kravtsov 2014). If we consider members within r200m, which is close to the splashback radius, the estimated σap,200c for the ensemble is larger by 0.6 ± 0.3%, with a scatter of ∼3%.
The number of members for the velocity dispersion estimate can be maximised by considering members within a fixed, large aperture. If we consider members within 3 rMMF3,500c (3 Mpc), the estimated σap,200c for the ensemble is larger by 0.5 ± 0.3% (0.3 ± 0.3%), with a scatter of ∼4% (∼3%). Due to the larger number of considered members, the typical statistical uncertainty is ∼10% (∼7%) smaller for a maximum aperture of 3 rMMF3,500c (3 Mpc). Thus, we find that our results do not depend strongly on the exact choice of physical region.
8.7. Redshift uncertainties
Uncertainties in the redshift measurements inflate the velocity dispersion estimate (Danese et al. 1980). Correction formulae have been proposed for the standard deviation as estimator for the velocity dispersion (Danese et al. 1980). Even though we use the SBI, we still consider that correction to quantify the associated systematic error.
We rely on spectroscopic estimation of redshifts, and, if applicable, we select galaxies with high quality observations and high reliability measurements (see Sect. 3). In most cases, uncertainties are small, δv ≲ 50 km s−1 (see Appendix C).
Let us consider a cluster with σap,200c ∼ 1000 km s−1 at z ∼ 0.2, nearly at the median values of the CHEX-MATE sample. For ⟨δv2⟩1/2 ∼ 50 km s−1, we expect the velocity dispersion to be over-estimated by ≲0.1%. The error is small (∼1%) even in more extreme cases, for example, small clusters with σap,200c ∼ 500 km s−1 and large uncertainties, ⟨δv2⟩1/2 ∼ 100 km s−1.
8.8. Summary
Different systematic uncertainties could balance out. For example, the effect of a large intrinsic velocity bias at small radii can counter the member contamination at large radii (Saro et al. 2013). In summary, we estimate the total systematic error on our dynamical masses to be of order of ∼5% (see Table 2).
Table 2. 
Systematic uncertainties in dynamical mass estimate.

The systematic error could be reduced to the percent level if a sufficient number of member galaxies is secured (≳50 members), and if the radial coverage extends to the virial radius (Rap/r200c ∼ 1) (Sifón et al. 2016). These conditions are met, on average by our sample. However, a better understanding of the velocity bias, that is, the main source of systematic uncertainty, is still needed.
Cross comparison of different methods is also needed to validate the assessment of systematic uncertainties, as testing of a single method, for example, on numerical simulations or under specific settings, could underestimate some biases. Old et al. (2014) compared different cluster dynamical mass estimation techniques that utilise the positions, velocities, and colours of galaxies. They found that masses determined with different methods can differ by ∼10%, even though the difference is usually smaller than or comparable to the scatter. Differences in mass estimates can also depend on the calibration factors used for some methods (Gifford & Miller 2013).
The agreement of our dynamical masses with WL masses, with differences at the 8 ± 16% level (see Sect. 6.2), suggests a small level of systematic uncertainties. Consistency should be further tested on larger and homogeneous WL samples. On the other hand, observations and comparison of caustic masses with WL, X-ray, or SZ masses showed some evidence for masses being biased low by 10–40% (Sereno et al. 2015; Ettori et al. 2019; Lovisari et al. 2020; Logan et al. 2022).
9. Conclusions
Mass measurements are anchors for reliable studies of cluster astrophysics and cosmology. Each mass proxy is affected by its own biases (Sereno & Ettori 2015b; Sereno et al. 2015; Sereno & Ettori 2017). The best way to mitigate the overall bias is via multi-wavelength multi-probe analyses (Fox & Pen 2002; Limousin et al. 2013; Sereno et al. 2017b, 2018b; Kim et al. 2024).
The aims of the CHEX-MATE programme are to provide and study a minimally biased sample of clusters that are not significantly impacted by selection biases and whose masses are only affected by systematic uncertainties that are fully accounted for. We computed dynamical masses based on positions and velocities of member galaxies. Thanks to analyses in phase space and theoretically and observationally motivated cluster models, we can select cluster members with minimal contamination from interlopers. We can then derive the mass based on the velocity dispersion of the selected members.
Adequate spectroscopic data are available for the CHEX-MATE sample. We mainly exploited archival data, either public or kindly shared. These data were complemented with the first results from our follow-up spectroscopic campaign. Full spectroscopic coverage of the sample is still needed to fully exploit its potential.
Dynamical masses as derived in this paper build on a strong theoretical foundation. Members were selected with a cleaning procedure whose parameters are fixed by our understanding of the properties of cluster-sized halos extracted from numerical simulations (Mamon et al. 2010, 2013; Old et al. 2014). Cluster mass and members were consistently derived within the same framework thanks to theoretically motivated models, which ensure stable and accurate results.
We estimated the possible bias in our dynamical masses due to a range of factors. We find that the predicted bias is of the order of 5%, most of which is bias related to the measured velocity dispersion of galaxies versus the underlying velocity dispersion of the total matter distribution. This low level of bias is further confirmed via a comparison to WL masses, which we found to be consistent with our dynamical masses at 8 ± 16%.
Even though the data at hand cover a substantial fraction of the CHEX-MATE clusters and we measured the dynamical mass for 101 clusters with at least ten confirmed members within r200c out of 118 clusters, full spectroscopic coverage is crucial to achieve the project goals. Thanks to the extended mass and redshift baseline expected from our completed follow-up campaign, the precision on the scaling relation parameters should improve by ∼20% with respect to the analysis exploiting only archive data. Accuracy will strongly benefit from complete, wide, and homogeneous sky coverage for the following reasons: (i) archive clusters were often originally targeted for specific objectives, which can make them a biased sample and disrupt the selection function; (ii) complete observations of the Southern clusters nearly doubles the survey area and minimises cosmic variance; (iii) comparison of data from ESO and other facilities is needed to further check for systematic uncertainties that might affect the meta-catalogue of redshifts collected from different sources. The CHEX-MATE collaboration has been working to complete the coverage.
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6 The package LIRA (LInear Regression in Astronomy) is publicly available from the Comprehensive R Archive Network at https://cran.r-project.org/web/packages/lira/index.html.


7 The catalogues are available at http://pico.oabo.inaf.it/~sereno/CoMaLit/LC2/.


8 In the alternative notation MPSZ2,500c = (1 − bPSZ2(1))M500c, the bias is positive for underestimated masses. The bias could be alternatively defined as bPSZ2(2) = ln(MPSZ2,500c/M500c) (Sereno & Ettori 2017).
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Appendix A:  Analytical model
In this work, we describe the halo matter profile with a NFW model (Navarro et al. 1996),
[image: thumbnail](A.1)
where x = r/rs is the dimensionless radius, the scale radius is rs = rΔ/cΔ, and
[image: thumbnail](A.2)
Anisotropy in the velocity distribution in a spherical system can be described as
[image: thumbnail](A.3)
where σr and σθ stand for the radial and tangential component of the velocity dispersion, respectively. ML (Mamon & Łokas 2005) proposed a realistic model for orbits that are nearly isotropic in the inner regions and anisotropic at large radii,
[image: thumbnail](A.4)
where rβ is the anisotropy radius. In this work, we considered rβ identical to the scale radius rs (Mamon et al. 2010, 2013; Tiret et al. 2007). The radial velocity dispersion σr can be obtained as a solution of the spherical Jeans equation (see, for example, Eq. (A1) in Mamon et al. 2013). We assume that the tracers follow the mass distribution. Solving the integral for the ML anisotropy model with rβ = rs, we obtain
[image: thumbnail](A.5)
where VΔ2 = GMΔ/rΔ is the squared circular velocity at rΔ and
[image: thumbnail](A.6)
where Li2 is the dilogarithm.
The kinetic energy for arbitrary βσ can be expressed as an integral, see, for example, Eq. (23) in Łokas & Mamon (2001), whose solution for the ML model can be written as
[image: thumbnail](A.7)
where W∞ is the potential energy at infinity (Eq. 22 in Łokas & Mamon 2001),
[image: thumbnail](A.8)
and
[image: thumbnail](A.9)
The 1D velocity dispersion is obtained as
[image: thumbnail](A.10)
Finally, the line-of-sight velocity dispersion at projected radius R, σlos(R) (Eq. 44 in Łokas & Mamon 2001), and the velocity dispersion within a projected radius R, σap(R) (Eqs. 46-48 in Łokas & Mamon 2001) can be obtained by numerical integration.

Appendix B:  Dynamical masses
The estimates of redshifts, velocity dispersions, and dynamical masses, and the results of our analysis are summarised Table B.1, whose full version is only available in electronic form. Catalogues and updates can be found at http://xmm-heritage.oas.inaf.it/ or http://pico.oabo.inaf.it/ sereno/CHEX-MATE/sigma/.
Table B.1. 
Dynamical masses.


Appendix C:  Measured redshifts
This work is based in part on the first wave of spectroscopic redshifts in the cluster fields of view measured with observations collected at ESO under programmes 0110.A-4192 and 0111.1-0186. Redshift reliability is estimated with the ℛ statistics (Tonry & Davis 1979), that is, the reliability factor of the cross correlation peak, larger than or equal to 3 (Kurtz & Mink 1998). Redshifts are available in electronic form. As an example of the data format, Table C.1 we list an extract of the redshifts collected in the field of view of the cluster PSZ2 G263.68-22.55.
Table C.1. 
Extract of the galaxies with measured spectroscopic redshift in the field of PSZ2 G263.68-22.55.
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        Distribution of the CHEX-MATE clusters in the redshift–mass plane. Points are colour coded according to the number of confirmed spectroscopic members. Black crosses mark the clusters without confirmed members.

      

    

  
    
      Table 1. 

      Clusters with a minimum number of candidate member galaxies.

      
        


	Ncandidates
	All
	NED+SDSS+DESI
	SDSS
	DESI
	NED-





	≥ 1
	111
	106
	68
	5
	100



	≥ 5
	106
	95
	67
	3
	76



	≥ 10
	103
	90
	66
	3
	68



	≥ 25
	89
	85
	55
	3
	67



	≥ 50
	79
	76
	35
	3
	61



	≥ 100
	68
	66
	19
	0
	53





      

      
Notes. We report the total number of CHEX-MATE clusters with at least Ncandidates (Col. 1) per archive in the query area within 3 θMMF3,500c from the X-ray peak, and within a search window of ±12000 km s−1 in velocity rest-frame from the Planck estimate. The columns All, NED+SDSS+DESI, SDSS, DESI, NED- report the number of unique candidates from all the datasets, from either NED or SDSS or DESI, from SDSS only, from DESI only, or from NED (without entries in common with SDSS or DESI) only, respectively.
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        Projected phase-space diagram of the galaxies in the field of PSZ2 G044.20+48.66 (Abell 2142) and member selection. The distance Dc is the angular diamater distance to the cluster. This is the CHEX-MATE cluster with the greatest number of confirmed redshifts in the virialised region. The initial candidates within a radial distance of 3θMMF3, 500c from the X-ray peak, and within a window in velocity of ±Δvrf, PSZ2 with Δvrf, PSZ2 = 12 000 km s−1 from the nominal PSZ2 estimate, are shown in orange. The virialised members (in blue) are selected within a radial distance of r200c and a rest-frame velocity window of ±κσlos(R), with κ = 2.7, where σlos is the velocity dispersion along the line-of-sight at projected radius R. Radial distances are shown assuming the final cluster redshift.
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        Projected phase-space diagram of the galaxies in the field of PSZ2 G040.03+74.95 (Abell 1831) and member selection. The distribution is clearly bimodal. The initial candidates within a radial distance of 3θMMF3, 500c from the X-ray peak, and within a window in velocity of ±Δvrf, PSZ2 with Δvrf, PSZ2 = 12 000 km s−1 from the nominal PSZ2 velocity, are shown in orange. The candidate virialised members that passed the first cleaning procedure (in blue) are selected within a radial distance of r200c and a rest-frame velocity window of ±κσlos(R), with κ = 2.7. In green and red, we show the result of the cleaning procedure on each sub-clump. For visualisation purposes, radial distances are here shown assuming the same cluster redshift (the result of the first cleaning procedure) for all galaxies. For this cluster, all members selected at the first step (violet) are also virialised members (blue, which is superimposed on violet).
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        Reverse cumulative distribution of the number of confirmed member galaxies with spectroscopic redshifts within r200c per cluster.
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        Distribution of the maximum radius, Rmax, and of the effective aperture radius, Rap, of the confirmed member galaxies within r200c. Radii are in units of r200c.
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        Precision in the estimate of the aperture velocity dispersion within r200c as a function of the confirmed members within the aperture. The precision scales approximately as [image: equation].
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        Normalised redshift difference between the cluster redshift from the PSZ2 catalogue and our estimates.
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        Aperture velocity dispersions from our analysis compared to results from the literature. The bisector line tracks y = x.
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        Relation between mass and 1D velocity dispersion, both for analytical models (full lines) and for results from numerical simulations (dashed lines). Top: Relative difference with respect to the reference model as a function of mass. Bottom: Mass–velocity dispersion relation.
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        WL masses from the literature vs. dynamical masses. The bisector line tracks y = x.
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        CHEX-MATE dynamical masses vs Planck masses. The bisector line tracks y = x.

      

    

  
    
      Fig. 12. 
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        Distribution of radial distances, in units of r200c, of the confirmed member galaxies with spectroscopic redshift within r200c.

      

    

  
    
      Table 2. 

      Systematic uncertainties in dynamical mass estimate.

      
        


	Effect
	Mass error





	Velocity bias
	∼5%



	Selection bias
	≲1%



	Interlopers
	≲3%



	Halo model
	≲1%



	Radial coverage and aperture
	≲1%



	Physical region
	≲1%



	Redshift uncertainties
	≲1%



	Total
	∼5%





      

    

  
    
      Table B.1. 

      Dynamical masses.

      
        


	PSZ2
	RA
	DEC
	Ncan
	Nmembers
	N3rMMF3
	N200c
	z
	σap
	Rap
	Rmax
	Mσ, 200c
	Mσ, 500c
	c200c
	r200c
	σap, 200c
	σ1D,200c





	G033.81 + 77.18
	207.2206
	26.5908
	289
	154
	226
	154
	0.0629  ±  0.0002
	796.5  ±  49.7
	1.5
	1.6
	5.8  ±  1.1
	4.0  ±  0.7
	3.8
	1.7
	786.2  ±  49.0
	809.1  ±  50.5



	G041.45 + 29.10
	259.4366
	19.6766
	113
	110
	110
	110
	0.1771  ±  0.0005
	1331.5  ±  91.9
	1.0
	1.7
	21.2  ±  4.4
	14.5  ±  3.0
	3.9
	2.5
	1233.2  ±  85.1
	1269.2  ±  87.6



	G042.81 + 56.61
	230.6228
	27.7078
	318
	211
	256
	210
	0.0721  ±  0.0003
	1162.1  ±  47.9
	2.2
	2.5
	18.0  ±  2.2
	12.4  ±  1.5
	3.8
	2.5
	1148.9  ±  47.3
	1182.3  ±  48.7



	G048.10 + 57.16
	230.2848
	30.6354
	335
	165
	242
	165
	0.0781  ±  0.0003
	822.7  ±  52.7
	1.5
	1.7
	6.3  ±  1.2
	4.3  ±  0.8
	3.8
	1.7
	811.7  ±  52.0
	835.3  ±  53.5



	G049.22 + 30.87
	260.0411
	26.6253
	664
	367
	470
	368
	0.1603  ±  0.0002
	1048.7  ±  39.9
	2.0
	2.1
	12.9  ±  1.5
	8.8  ±  1.0
	3.8
	2.1
	1042.9  ±  39.7
	1073.1  ±  40.8



	G053.53 + 59.52
	227.5525
	33.5083
	321
	222
	270
	222
	0.1138  ±  0.0003
	1069.0  ±  47.6
	1.7
	2.1
	13.2  ±  1.8
	9.0  ±  1.2
	3.8
	2.2
	1041.7  ±  46.4
	1071.9  ±  47.7



	G056.77 + 36.32
	255.6774
	34.0601
	186
	96
	133
	96
	0.0989  ±  0.0005
	1123.5  ±  77.5
	1.9
	2.3
	15.7  ±  3.3
	10.8  ±  2.2
	3.8
	2.3
	1102.8  ±  76.1
	1134.8  ±  78.3



	G080.41 − 33.24
	336.5245
	17.3643
	173
	137
	151
	137
	0.11  ±  0.0003
	830.4  ±  51.7
	1.1
	1.7
	5.9  ±  1.1
	4.1  ±  0.8
	3.8
	1.7
	797.5  ±  49.6
	820.7  ±  51.0



	G226.18 + 76.79
	178.8243
	23.4047
	238
	131
	162
	131
	0.1413  ±  0.0004
	1064.0  ±  77.9
	1.5
	2.1
	12.4  ±  2.7
	8.5  ±  1.9
	3.8
	2.1
	1027.1  ±  75.2
	1056.9  ±  77.4



	G238.69 + 63.26
	168.2267
	13.4346
	509
	229
	330
	229
	0.1671  ±  0.0003
	869.4  ±  46.6
	1.8
	1.8
	7.5  ±  1.2
	5.1  ±  0.8
	3.8
	1.8
	871.6  ±  46.7
	896.9  ±  48.0





      

      
Notes. The full table is available in electronic form. Velocity dispersions in units of [km s−1]. Lengths and radii in units of [Mpc]. Masses in units of [1014 M⊙]. RA and DEC (cols. 2 and 3) are the J2000 coordinates of the X-ray peak. Ncan (col. 4) is the number of initial candidates. Nmembers (col. 5) is the number of members used to compute the velocity dispersion. N3rMMF3 (col. 6) is the number of members within an aperture of 3 rMMF3. N200c (col. 7) is the number of members within r200c. z (col. 8) is the estimated redshift. σap (col. 9) is the aperture velocity dispersion within the effective aperture Rap (col. 10). Rmax (col. 11) is the maximum radius of the member galaxies. Mσ, 200c (col. 12) is the dynamical mass within r200c. Mσ, 500c (col. 13) is the dynamical mass within r500c. c200c (col. 14) is the estimated concentration for Mσ, 200c, computed with a mass-concentration relation for the CBI value of the marginalised posterior mass distribution. r200c (col. 15) is the estimated overdensity radius for the central value of Mσ, 200c. σap, 200c (col. 16) is the aperture velocity dispersion within r200c. σ1D,200c (col. 17) is the 1D velocity dispersion within r200c.



    

  
    
      Table C.1. 

      Extract of the galaxies with measured spectroscopic redshift in the field of PSZ2 G263.68-22.55.

      
        


	RA
	DEC
	cz
	ℛ



	
	
	[km s−1]
	





	101.32300
	−54.24084
	50625  ±  37
	10.6



	101.32897
	−54.22427
	49309  ±  46
	8.8



	101.34888
	−54.24609
	48816  ±  42
	8.9



	101.35916
	−54.24773
	48840  ±  36
	9.3



	101.36487
	−54.21105
	47999  ±  47
	7.9



	101.37290
	−54.22694
	49105  ±  52
	7.3



	101.37981
	−54.20316
	48364  ±  45
	8.8



	101.38369
	−54.23370
	50055  ±  87
	4.2



	101.38995
	−54.23248
	48577  ±  34
	9.5



	101.39023
	−54.20097
	51662  ±  56
	6.9





      

      
Notes. Coordinates RA and DEC are in J2000; redshift are given in units of km s−1; ℛ is the xcsao reliability of the correlation. The full tables are available in electronic format.
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