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Abstract

The thermal and non-thermal components in galaxy clusters have properties that, although shaped from different physical phenomena, can share some similarities, mainly driven by their halo mass and the accretion processes. Scaling relations have been proven to exist for both components and studied in X-ray (thermal) and radio (non-thermal) bands. On the X-ray side, both integrated and spatially resolved profiles have shown a predictable and correlated behaviour. At the radio wavelength, such investigations are so far limited to the integrated quantities (e.g. total power and mass). We aimed to investigate the scaling relations between the mass of a galaxy cluster and its radio emission at low frequencies, treating both the integrated and the spatially resolved quantities for a sample of well-selected objects in a self-consistent analysis. We crossmatched LoTSS DR2 and CHEX-MATE datasets in order to get the deepest and most homogeneous radio data of a representative sample of objects. Among the 40 CHEX-MATE objects in the LOFAR DR2 area, we investigated the 18 objects showing radio halo emission, which span a broad mass range, by extracting and analysing their radio emission profiles. We analytically derived the expected relation between the radio power (Pν) and radio surface brightness profile (IR(r)), and performed a comparison with observational results. We obtained that properly accounting for the mass and redshift dependence in the radio profile can reduce the overall scatter by a factor of ∼4, with an evident residual dependence on the cluster dynamical status. We show that assuming the halo size RH ∼ R500 did not allow us to reconcile the expected (from our analytical derivations) and observed mass profile scaling. Instead, accounting for no RH − M relation, allowed us to reconcile the observed radio profile mass scaling and the one predicted starting from the Pν − M relation. We discuss the implications of a lack of RH − M relation, assessing possible systematics and biases in the analyses, and interpreting it as a natural consequence of the structure formation process, where the halo size depends on both the cluster dynamical status, related to the strength of the merger, and mass. Finally, we also considered the role of the magnetic field in the Pν − M relation, putting constraints on its dependence upon the cluster mass and finding consistent results with expectations from our radio power mass scaling.
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1. Introduction
Galaxy cluster formation occurs via the hierarchical growth of sub-structures and the diffuse medium driven by the gravitational field of the dark matter component. The baryonic matter that accretes onto these structures is heated up to 107 − 108 K (depending on the halo mass) through shocks, forming a hot and rarefied (ngas ∼ 10−4 − 10−2 cm−3) plasma, the intra-cluster medium (ICM). As a consequence of its temperature and density, the ICM emits via thermal Bremsstrahlung in the X-rays, making galaxy clusters appear as diffuse sources in the sky.
Radio observations have shown that several clusters also present a diffuse, non-thermal ICM component that emits synchrotron radiation. Such emission traces cosmic ray electrons (CRe) and weak magnetic fields (∼μG) throughout the whole extension of the clusters. Depending on the particle acceleration mechanism, there is a variety of diffuse radio sources in clusters: giant radio halos, mini-halos, radio relics, and revived fossil plasma (see van Weeren et al. 2019 for a review). Giant radio halos are among the most extended cases of such diffuse emission. They are roundish, megaparsec-scale radio sources, characterised by a steep spectral index (α > 1 where the flux Sν ∝ ν−α). Radio halos are mostly found in massive merging clusters and are co-spatial with the thermal plasma. The commonly accepted scenario is that they are the result of turbulent re-acceleration, induced by merger events, of mildly relativistic electrons already present in the ICM due to past energetic phenomena, e.g. active galactic nuclei (AGN) activity or previous mergers (Brunetti & Jones 2014).
It has been established early that the radio power of giant halos correlates with the X-ray luminosity of their host clusters (e.g. Liang et al. 2000; Cassano et al. 2006; Kale et al. 2015) and that there is a bi-modality in the Pν − LX plane, with clusters without a radio halo, and more dynamically relaxed, populating a region well separated from the correlation (Brunetti et al. 2009), further strengthening the merger-radio halo connection. Since the advent of Sunyaev-Zel’dovich (SZ, Sunyaev & Zeldovich 1972) surveys, the integrated SZ signal, which arises from the integrated pressure along the line of sight of the ICM, shows a similar tight correlation with the radio power (e.g. Basu 2012; Cassano et al. 2013). Both quantities are a proxy for the cluster mass, with the SZ signal being less scattered with respect to the X-ray luminosity, revealing the underlying relation between the radio power and mass. The reason for that relation arises naturally in the context of the turbulent re-acceleration scenario since the energy available for re-acceleration is a fraction of the gravitational energy released during a merger event (Cassano & Brunetti 2005; Cassano et al. 2007; Eckert et al. 2017). With the advent of a new generation of radio telescopes and, in particular, the ones operating at a low frequency, the halo radio power-mass relation (Pν − M) has been established and extended from the 1.4 GHz frequency range of the early studies down to the 150 MHz frequency range (van Weeren et al. 2021; Cuciti et al. 2023).
The existence of a scaling law points to an underlying physical mechanism producing it: explaining its origin with a minimal set of theoretical assumptions holds the promise of gaining critical physical insight. We can try to look here with a hopefully enriching analogy to the current landscape of the investigations of scaling relations concerning the physical properties of the thermal component, the ICM. The relations between the observables (e.g. LX and TICM) and mass do not follow the expected self-similar scaling where gravity dominates (e.g. Voit 2005), and can be further modified due to astrophysical processes (e.g. AGN feedback, Gaspari et al. 2020). The use of multi-variate scaling relations between different physical quantities and mass, and simple assumptions such as the role of the gas fraction and gas clumpiness, can provide a coherent picture of the modifications to the self-similar scenario needed to explain the observed behaviour of the scaling relations (see e.g. Arnaud & Evrard 1999; Pratt et al. 2010; Ettori 2015). As a final step, the observed radial profiles and the integrated values of the thermodynamic quantities can be linked, leading to self-consistent predictions for their behavior in various observational samples (Ettori et al. 2020; Pratt et al. 2022; Ettori et al. 2023).
In a similar fashion, for the first time for the non-thermal component in galaxy clusters, we attempted to link the radio surface brightness profiles to the scaling between the global radio power and the cluster mass. We performed the exercise on the galaxy clusters observed in the LOFAR Two-meter Sky Survey Data Release 2 (LoTSS DR2, Shimwell et al. 2022), which are also part of the Cluster HEritage project with XMM-Newton – Mass Assembly and Thermodynamics at the Endpoint of structure formation (CHEX-MATE, CHEX-MATE Collaboration 2021). This is part of a project to fully characterise the non-thermal properties of the objects in the sample hosting radio halos (see Balboni et al. 2024, for a pilot study).
With the aim of helping the readers navigate through the text, we provide a detailed description of its structure in the following paragraphs. In Sect. 2, we describe the sample and briefly report the data reduction. In Sect. 3, we present the data analysis following a step-by-step approach. We start by introducing a model that allows us to link the cluster’s Pν − M relation to the radio halo profile properties, obtaining a scaling in both mass and redshift (Sect. 3.1). In Sect. 3.2, we derive model predictions and, in Sect. 3.3, we test those using observational data. We start by fitting, with a simple version of the presented model, the observed Pν − M relation and use such results to derive the expected mass dependence of the radio halo profiles. We then compare the expected halo profile scaling with the one recovered through observations. We progressively increase the model complexity to find a good agreement between the predicted and observed relations among radially dependent and integrated quantities. In Sect. 3.4, we relax some of the assumptions made on the scaling between halo quantities, such as the cluster mass and the size of the halo, to better reproduce the observational results. In Sect. 4, we present and discuss the main findings of our study. In particular, in Sect. 4.3 we add the dependence of the cluster magnetic field to the model, gaining insight on the scaling of the magnetic field with the mass. We summarise the work done and present future perspectives in Sect. 5.
Throughout this work we assume a flat, ΛCDM Universe cosmology with H0 = 70 km/s/Mpc, Ωm, 0 = 0.3, ΩΛ = 0.7, Hz/H0 = Ez = [Ωm, 0(1 + z)3 + ΩΛ]1/2.
2. Sample overview and data reduction
2.1. Description of the samples
The cluster sample we use here derives from the combination of two datasets: CHEX-MATE and the LoTSS DR2. The CHEX-MATE project (CHEX-MATE Collaboration 2021) is a three mega-second XMM-Newton Multi-Year Heritage Programme to obtain X-ray observations of a minimally-biased, signal-to-noise limited sample of 118 galaxy clusters detected by Planck through the Sunyaev-Zel’dovich effect (Planck Collaboration XXVII 2016). The programme aims to study the ultimate products of structure formation in time and mass, using a census of the most recent objects to have formed (Tier-1: 0.05 < z < 0.2 ; M5001 > 2 × 1014 M⊙), together with a sample of the highest-mass objects in the Universe (Tier-2: z < 0.6; M500 > 7.25 × 1014 M⊙). The project acquired X-ray exposures of uniform depth that ensure a detailed mapping of the thermodynamic properties in the cluster volume where the non-thermal plasma is present. Therefore, the CHEX-MATE cluster sample is the best choice for a systematic and statistical analysis of cluster thermal components.
In the radio band, the LoTSS (Shimwell et al. 2017) is a deep, 120 − 168 MHz radio survey, that produces high resolution (∼6″) and high sensitivity (∼100 μJy beam−1) images of the northern sky. It had its first data release (LoTSS DR1) in 2019 (Shimwell et al. 2019, released area ∼400 deg2) and the second release in 2022 (Shimwell et al. 2022) providing images and radio catalogues for ∼5700 deg2 of the Northern sky. One of the main goals of this survey is to find new diffuse radio sources inside galaxy clusters, such as giant radio halos, to determine their origin and to test theoretical and numerical models. Thanks to its high sensitivity to diffuse sources at low frequencies, the LoTSS allows us to perform detailed studies of radio halos in the frequency domain where these objects appear brighter because of their steep synchrotron spectra.
Of the 82 Northern CHEX-MATE targets, 40 are in the LoTSS DR2 sky area, and 18 display diffuse halo emission and are the ones we consider here (Botteon et al. 2022). Since we selected our targets from the CHEX-MATE sample, we can exploit, on one side, Planck measurements of M500 (derived from the YSZ signal calibrated on the Mhydrostatic − YX relation2; see CHEX-MATE Collaboration 2021 for more details) and, on the other, the information on the dynamical activity of the targets. In fact, Campitiello et al. (2022) analysed all the X-ray data of the CHEX-MATE sample, providing a systematic and statistical evaluation of the clusters’ dynamical state. They estimated the light concentration (c),
[image: thumbnail](1)
the centroid shift (w),
[image: thumbnail](2)
and M, which combines the morphological indicators presented in Campitiello et al. (2022) by summing the deviations of each parameter from the mean of its distribution in units of standard deviation (Rasia et al. 2013).
The selected CHEX-MATE-LoTSS DR2 objects (see Table 1) span a broad range of redshift (0.072 ≤ z ≤ 0.575) and mass (2.57 × 1014 M⊙ < M500 < 11.00 × 1014 M⊙)3 as shown in the top panel of Fig. 1. They belong to both CHEX-MATE Tier-1 and Tier-2 subsamples, uniformly sampling the whole mass and redshift range up to z ∼ 0.4. We also note that two targets are located beyond this redshift value. Furthermore, these clusters span a rather wide range in terms of cluster dynamical status. As shown in Fig. 1, they cover the majority of the dynamical range of CHEX-MATE, ranging from very disturbed objects to mildly-relaxed ones. This is evident from both the comparison between the cumulative distribution functions (CDFs) of the M parameter within CHEX-MATE and the 18 selected objects (Fig. 1 top), and from the location of the latter in the c − w plane (Fig. 1 bottom), usually used in the past to identify and separate clusters displaying radio halo emission (e.g. Cassano et al. 2010). General information about the analysed targets is listed in Table 1. In the bottom pane of Fig. 1, we highlight the position in the c − w plot of the considered 18 targets within the CHEX-MATE sample.
Table 1. 
Main properties of the 18 clusters of the crossmatched CHEX-MATE–LoTSS DR2 sample.

	[image: thumbnail]	Fig. 1. Comparison between the subsample of 18 clusters considered here and the full CHEX-MATE sample. Top: M500 − z distribution of the CHEX-MATE sample, with highlighted (circles) the LoTSS DR2 clusters with diffuse emission and the Tier-1 and Tier-2 subsamples. In the inset are reported the CDFs of the M parameter of the whole CHEX-MATE sample (black) and the one to the targets considered here (orange). Bottom: c − w plot of the whole CHEX-MATE sample, with highlighted objects with (empty black squares) and without (empty black circles) diffuse halo emission from the LoTSS DR2. The targets are coloured according to the classification made by Campitiello et al. (2022). Dashed grey lines indicate the median c and w values of the sample.



We imposed a cut in redshift at z < 0.4, leaving us with 16 CHEX-MATE radio halos observed by the LoTSS DR2. Contrary to the order of magnitude range in mass, the redshift range is homogeneously sampled only up to z = 0.4. This cut also mitigates the effect of the k-correction, (1 + z)α − 1, due to the assumed spectral index that is poorly known in that redshift range. We also note that, for the same reasons, the same cut in redshift has been adopted also by Cuciti et al. (2023) for a wider sample of targets.
In order to gain higher statistics when constraining the Pν − M relation of our sample (Sect. 3.1), we will also exploit the public LoTSS DR2 observations of radio halos presented by Botteon et al. (2022) and discussed in Cuciti et al. (2023)4. From the whole sample of PSZ2 clusters in the LOFAR DR2 area, Cuciti et al. (2023) performed the analysis on a sample of 61 objects lying above the Planck 50% completeness line5. With our further cut on the redshift of z < 0.4, we will consider a sample of 43 objects, which includes all the CHEX-MATE targets considered in this work apart from A2409. The authors did not consider this target in their work as it was not possible to obtain a robust radio power estimation through the fitting process. However, we are neither considering any of their fit results nor fitting the profile of single targets but we are just extracting the observed radial profile. Hence, we will include this object in our analysis.
A summary of the samples used in this work is presented in Table 2.
Table 2. 
Summary of the samples considered in this work.

The non-thermal analysis of CHEX-MATE targets we propose here can be seen in analogy with the more common spatially resolved studies made for the thermal component (see Sect. 1). Therefore, this study fits well in the wider project of a detailed characterisation of the thermal–non-thermal connection in clusters that we have started in Balboni et al. (2024) and will extend in forthcoming works. By combining the sample properties of CHEX-MATE and the deep, homogeneous observations of the LoTSS, here we aim to perform a spatially resolved, radio analysis on a representative sample of clusters.
2.2. Radio data reduction
In the following, we report an overview of the calibration and imaging procedures applied to the radio data. The complete description of the reduction process is presented in Botteon et al. (2022).
LoTSS pointings are typically obtained with an integration time of 8 hr and in the 120–168 MHz frequency range. The collected data were processed with fully automated pipelines developed by the LOFAR Surveys Key Science Project team in order to correct for direction-independent and direction-dependent effects (van Weeren et al. 2016; Williams et al. 2016; de Gasperin et al. 2019; Tasse et al. 2021; van Weeren et al. 2021). After scaling the flux density values to the Roger et al. (1973) scale, the imaging was done with WSClean v2.8 (Offringa et al. 2014). Since we are particularly interested in the diffuse halo emission, we retrieved the images from the LoTSS DR2/PSZ2 website6 obtained with a taper of 100 kpc at the cluster redshift and with the further subtraction of emission from sources with a physical size smaller than 250 kpc from the visibilities. We additionally masked out from the resulting images those regions with residual contaminating sources (both compact and extended) or which showed signs of poor subtraction, as also made in Botteon et al. (2022).
3. Data analysis
Starting from the radio images described in Sect. 2.2, we derive the radial profile for each radio halo as described in Balboni et al. (2024). We firstly fit the radio halo emission with an exponential function by means of Halo-Flux Density CAlculator (Halo-FDCA, Boxelaar et al. 2021) to obtain a good estimate of the halo shape (circular or elliptical based on what was reported in Botteon et al. 2022) and centre. Since Halo-FDCA fits the radio halo profile with an exponential model, [image: equation] with Re the effective radius, it allows us to determine also the expected extension of the radio halo as usually considered in literature ∼2.5 − 3Re (e.g. Bonafede et al. 2017). The exponential model has been proved to provide a good description of radio halo profiles with few free parameters, making its use the common practice when characterising the radial extension of halos (e.g. Murgia et al. 2009; Botteon et al. 2022). In addition, Halo FDCA provides a high flexibility of the exponential function, improving the model description of the various shapes of radio halos. We found that, in most of the cases, the halo signal is above the 1σ noise level for r < 2.5Re. So we extract the radio profile up to 2.5Re using the halo centre previously defined, adopting circular or elliptical annuli, depending on what has been adopted during the halo fitting, and choosing the width of the annuli to be half of the Full-Width at Half Maximum of the image beam (Cuciti et al. 2021b). In Fig. 2, we report the rest-frame, 1-D radial profiles of the studied halos and the value of their intrinsic scatter with respect to the best-fit exponential model (see Sect. 3.1) in the legend. For each annulus, we compute the mean of the radio brightness and associated an error of [image: equation], where Nbeam is the number of beams in the annulus and I the brightness value and the factor 0.1 takes into account the uncertainty of the flux density scale (Shimwell et al. 2022).
	[image: thumbnail]	Fig. 2. Rest-frame radio surface brightness profiles of the 16 targets at z < 0.4 considered in this work. In the legend, it is reported the global scatter of the profiles when fitted with an exponential model (see Sect. 3.1 and 3.3).



Additionally, Halo-FDCA provides the values for the radio power computed as
[image: thumbnail](3)
where z is the redshift, DL is the luminosity distance and the spectral index α is assumed to be 1.3 for all the radio halos (we refer the reader to Appendix B or Botteon et al. 2022, for a full list of all the radio power of the LoTSS DR2 objects).
3.1. The radio scaling-law model
In this section, we derive a model that links the observed Pν − M relation (as presented and discussed in recent literature, e.g. Cassano et al. 2007; van Weeren et al. 2021; Cuciti et al. 2021a; Duchesne et al. 2021; George et al. 2021; Cuciti et al. 2023), accounting also for the redshift dependence, to the spatially resolved radio halo properties. In this way, we will be able to obtain predictions on the expected halo profile re-scaling, in both mass and redshift, given the relation between Pν and M. The flux density Sν can be computed as the integral over the whole radio halo solid angle of the surface brightness Iν, resulting in
[image: thumbnail](4)
with θ = RH/Dθ being the ratio between the halo radius RH (i.e. its linear size) and the angular diameter distance Dθ. Then, including this in Eq. (3), we get,
[image: thumbnail](5)
Since the non-thermal ICM component is tightly related to the cluster dynamical history, the latter, in simple terms, can be considered the main driver for radio halo emission. Consequently, one might reasonably expect that, as in the case of thermal ICM, a relation between the halo size and cluster properties is present. Thus, to quantify the radio halo size scaling, we will consider the general expression RH ∝ MβMEzβz (see more on this in Sect. 3.4). Using the cosmological relation DL/Dθ = (1 + z)2, we can write
[image: thumbnail](6)
which reads as Pν ∝ Iν M2/3 Ez−4/3 for the case of RH ∝ RΔ (where Δ is the overdensity with respect to the critical density ρc), with βM = 1/3 and βz = −2/3.
One can then consider a power-law relation between the total radio power and the mass
[image: thumbnail](7)
or, more generally, also account for an evolution of M with the redshift as follows:
[image: thumbnail](8)
Combining Eq. (8) with Eq. (6), we can derive the expected dependence of the surface brightness upon the halo’s mass and redshift:
[image: thumbnail](9)
If we insert in our equations an exponential model to reproduce the radio halo profile, we get
[image: thumbnail](10)
where r is the radial distance, while γM and γz are the parameters used to describe the dependencies of the radial profiles on mass and redshift, respectively. Given these models, we expect the following relations to be satisfied:
[image: thumbnail](11)
Therefore, for each quantity Q (in this case M,  z) we end up with a set of best-fit variables, γQ, obtained by fitting Eq. (10) to the observed profiles and one set of predicted ones, γQ, p, from Eq. (11). In this way, we can test whether the scaling presented in this Section holds. In particular, we can test if and how the observed Pν − M relation can be translated into scaling of the radio halo profiles and what are the main drivers of such scaling.
We note that, by comparing the predicted and measured γ, and the mass and redshift dependence of the Pν − M relation, we can also infer which values of βQ best accommodate the profiles best-fit results (i.e. from Eq. (11), βM = (αM, z − γM)/2 and βz = (αM, z − γz)/2).
We report a summary of the defined variables used to indicate the mass and redshift dependencies in Table 3.
Table 3. 
Summary of the variables defined to quantify the mass and redshift scalings throughout this work.

3.2. The Pν − M relation and model predictions
We start by considering only the mass scaling of Pν as in Eq. (7), that is without considering any mass evolution with the redshift (αM, z ≡ αM):
[image: thumbnail](12)
As explained in Sect. 2.1, to determine αM, we make use of the public LoTSS DR2 cluster sample of radio halos (Botteon et al. 2022; Cuciti et al. 2023). Both the values of M500 and the radio power at 150 MHz (P150MHz, computed as in Eq. (3)), are provided by Botteon et al. (2022). We fit a power-law relation between the total radio power and the mass (M500) using the linmix package (Kelly 2007). The Bayesian approach of linmix approximates the independent variable distribution with a Gaussian function, mitigating the possible selection effects in our cluster sample. This approach is similar to the one of Cuciti et al. (2023) where the authors used a log-normal function to describe the cluster mass distribution. The best-fit values are reported in Table 4 and in the left panel of Fig. 3. For comparison, we made the fit also on the full sample (all 61 targets with no redshift cut) as made in Cuciti et al. (2023). We find that the recovered mass slope is ∼3.44 which is in good agreement with the BCES(Y|X) method (3.45 ± 0.44) presented in Cuciti et al. (2023).
Table 4. 
Radio power best-fit rescaling parameters, using the objects classified, by Botteon et al. (2022) and Cuciti et al. (2023), as a radio halo and candidate radio halo and located at z < 0.4.

	[image: thumbnail]	Fig. 3. Power mass relation for the radio halos, including candidates, of the LoTSS DR2 at z < 0.4. In the two panels, we present the different scaling proposed. Left: No redshift dependence. Right: Equal mass and redshift dependence.



According to Eq. (11), a best-fit αM = 3.02 ± 0.39 would imply a mass rescaling for the radial profiles as γM, p = 2.35 ± 0.39, when RH ∝ RΔ.
As a second step, we include a proper redshift evolution through the term Ez (see Eq. (8)) in the form
[image: thumbnail](13)
and evaluate its impact on the scaling of the radio surface brightness profiles as expected from Eq. (11). We fit the radio power as a function of mass and redshift keeping the same re-scaling for M500 and Ez. We report the best-fit values in Table 4 and in the legend panel of Fig. 3 (right).
In the case of RH ∝ RΔ, from Eq. (11), we derive the expected dependencies of the resolved quantities as: γM, p = 2.10 ± 0.35 and γz, p = 4.10 ± 0.35.
3.3. Profiles scaling and model comparison
We can now test the predictions made in the previous Section by searching for the best mass rescaling of the observed radial profiles using Eq. (10) and comparing the results with the expected values.
For the case with no redshift evolution term in the Pν − M relation, we fix γz to 0, in the case of no dependence with redshift, and to 4/3, in the case of the self-similar evolution. We then fit the radial profiles using Eq. (10), assuming a spectral index α = 1.3 (Botteon et al. 2022) and leaving as free parameters the normalisation and γM. The results of the fits are reported in Table 5. For the case of no redshift evolution, γz = 0, we find γM = 3.68 ± 0.43, while for the RH ∼ RΔ case γM = 3.41 ± 0.38. Both values exceed the predicted γM, p = 2.35 ± 0.39, with consistency only at 2.3σ and 1.9σ, respectively.
Table 5. 
Radial profiles’ best-fit rescaling parameters.

When we consider also the Ez term in the Pν − M relation, we have an additional contribution to γz (=αM, z − 2βz) in Eq. (10). However, due to the degeneracy between the cluster mass and redshift (although weakened by the imposed redshift cut), and the small number of CHEX-MATE-LoTSS DR2 clusters available, we are not able to provide constraints for both mass and redshift separately. Therefore, we will focus only on the mass scaling, γM, of the profiles. We fix the redshift dependence to the expected one from the integrated quantity analysis, i.e. γz = 4.10, and fit the radial profiles using Eq. (10), leaving the normalisation and γM as free parameters. The results of the fit are reported in Table 5. A value of γM = 2.85 ± 0.43 is higher than the expected 2.10 ± 0.35 with a consistency within 1.4σ.
A different approach we take is to rescale the radial profiles using the expected values derived from the P150 MHz − M500 relation. In the top panel of Fig. 4, we show the radio brightness profiles after the rescaling by the expected relations (γM = 2.10 and γz = 4.10). It is worth noticing that by simply applying such rescaling (alongside the one for R500) we reduce the intrinsic scatter by a factor ∼4 (see Fig. 2). These results may suggest that accounting properly for a mass and redshift dependence produces non-thermal component profiles with a common trend, resembling what has been observed for the thermal gas.
	[image: thumbnail]	Fig. 4. Scaled, rest-frame, radial profiles of the considered halos and their scatter. Top: Scaled profiles assuming the expected scaling as described in Eq. (14). Bottom: Same plot, but with objects colour-coded according to their morphological M parameter (Campitiello et al. 2022) with highlighted in orange and blue the median profiles of mixed and disturbed targets, i.e. with a value of M below or above 0.4, respectively.



In the bottom panel of Fig. 4 we report the same rescaled profiles but color-coded by their dynamical state expressed through the M parameter. In addition, since our sample covers rather well the CHEX-MATE distributions of disturbed and mixed targets as defined by Campitiello et al. (2022) (see Fig. 6), i.e. the value of M is above or below 0.4 respectively, we can divide our sample according to such classification. Hence, we identified as mixed those objects having M < 0.4 (8), and disturbed the ones with M > 0.4 (8). We also computed the median radial profiles of the two subsamples, diving the radial range in regular bins and extracting the median surface brightness value for each of the two classes of objects. The median profiles are also displayed in the bottom panel Fig. 4. It is clear how less disturbed clusters display a different and fainter halo profile, while, perturbed systems retain, on average, higher emission out to larger radii. A difference in the integrated radio power between more relaxed and perturbed objects has been pointed out also by Cuciti et al. (2021a) and Cuciti et al. (2023). Specifically, it was found that, regardless of cluster mass, the clusters that are more scattered in the Pν − M relation are those that are more dynamically perturbed. This implies that cluster dynamics play a role in the scattering of the radio power-mass correlation. In line with such results, we extend this scenario here, showing that the properties of merger-driven turbulence also have a key role in shaping the radio halo profiles.
The evidence of a dynamical dependence also suggests how, in future works and with wider samples, we can try to account for the cluster’s dynamical status in the radial halo profile scaling model.
3.4. Implications from the observed RH − M relation
We now try to improve our analyses further by revisiting and relaxing some of the assumptions made. To this aim, we exploit the observational evidence available for the considered LoTSS DR2 sample.
Inspired by self-similar scenario predictions, studies of the structure of the thermal ICM emitting in X-rays have found that there is a high degree of similarity on the radial distribution of the thermal properties when clusters are rescaled for radii at a given overdensity with respect to the critical density (e.g. Lau et al. 2015; Ettori et al. 2020; Pratt et al. 2022 and references therein). In Sect. 3.1, we assumed that the halo size scales as the cluster mass and redshift, RH ∝ MβMEzβz. However, we do not know whether a relation of such kind holds also for the non-thermal component in clusters. To the best of our knowledge, only Cassano et al. (2007) showed a superlinear relation of [image: equation] and a strong relation between the radio halo size and cluster mass with a slope of ∼2.2, indicating a clear no self-similarity of the non-thermal component. In Table 6, we present the Spearman rank among the main quantities considered in this work for the LoTSS DR2 clusters used to fit the Pν − M relation. In the left panel of Fig. 5, instead, we plot the halo size (RH = 3 × Re, as assumed in Botteon et al. 2022, that is the maximum integration radius for the radio halo profiles) versus the cluster mass. What is evident from both Table 6 and Fig. 5 is that, at 150 MHz, there is no relation between the cluster mass and the halo size (see more in Sect. 4.1). However, given that the P150 MHz − M500 relation exists, the parameter that must correlate with M500 is the halo emissivity (Fig. 5, right panel). This can be explained in the framework of the turbulent re-acceleration, where, assuming that cluster mergers are responsible for the turbulence injection in the ICM, the synchrotron emissivity scales with the turbulent injection rate that depends on the cluster mass (e.g. Cassano & Brunetti 2005).
	[image: thumbnail]	Fig. 5. Correlations among three of the considered properties of the objects used to derive the P150 MHz − M500 relations. Left: Mass vs radio halo size (expressed as 3 × Re) and the Spearman rank. Right: Mass vs average radio emissivity, ⟨ϵR⟩, considering the halo emission spherical and with a radius 3Re reported in Botteon et al. (2022).



Table 6. 
Spearman rank among the main quantities of the cluster sample studied by Cuciti et al. (2023) and also used here. Each cell is colored by the value within.

Hence, we relaxed the assumption made on RH ∼ RΔ and generalised the model allowing for the radio halo size not to be correlated with the mass or redshift. We then consider the terms βM = βz = 0 in Eq. (9). Considering this setup, Eq. (10) can be rewritten as:
[image: thumbnail](14)
where, in this case, γM ≡ αM. Thus, the profiles scale with the mass exactly as the integrated quantities. We report the results of the fit in Table 5. This time the best-fit value of γM = 2.88 ± 0.33 is well in agreement with the expected value of 2.76 ± 0.35.
On the other hand, as stated at the end of Sect. 3.1, we can infer which values of β best accommodate our best-fit results (i.e., from Eq. (11), βM = (αM − γM)/2). By combining the best-fit results in Tables 4 and 5, we require values of βM between 0 and −0.4, with a typical error of 0.3, in a consistent manner with the independent evidence of a no-dependence upon the mass of the radio halo size.
4. Discussion
4.1. On the RH − M relation
In Sect. 3.4, we pointed out how, at LOFAR frequencies, there is no clear relation between the mass and the halo size. This, on one side, is in contrast with what was previously observed in higher-frequency studies (Cassano et al. 2007; Cuciti et al. 2021a), but on the other side might support the idea that, at such low frequencies, we are performing a wider census of the radio halo population that was previously inaccessible, indicating that such a relation may not hold on the whole population of radio halos.
However, before moving to the implications of our findings, we have to investigate and quantify possible biases in our analysis. Botteon et al. (2022) have already shown how, in low-surface brightness halos, the result of the exponential fit can be biased, leading the authors to exclude 10 clusters from all the subsequent analyses on LoTSS DR2 sample (labelling them as RH* and cRH*). Here, we investigate in greater detail the best-fit parameters of LoTSS DR2 targets searching for systematic effects that may influence the trend observed in the RH − M relation.
In Figure 6 we present the relation between the I0/3σRMS ratio and Re. The black points in Figure 6 are the 10 excluded objects by the LoTSS DR2, while all the other points are the 43 LoTSS DR2 clusters, below z = 0.4, considered in this work. From this plot, we see that there is a cloud of points (magenta) that display large values of Re (> 150 kpc) and low values (< 4) of the I0/3σRMS ratio. It is interesting to see how these points are located close to the 10 excluded objects from the LoTSS DR2 (black points). This suggests that for the clusters in this range, the estimated size of the halo could have been influenced (particularly overestimated) by their low radio brightness. In such a case, it would imply that, despite these targets having a sufficient radio signal to provide a good fit in terms of flux estimate (as reported in Appendix C in Botteon et al. 2022), the halo emission was not bright enough to provide an unbiased fit. However, we stress that from Fig. 6 the main outcome is that there is no clear separation for the presence of objects with a biased exponential fit, but rather that there is a smooth transition from higher to lower signal-to-noise ratio (S/N) observations. Therefore, it is difficult to identify definitive criteria for selecting or rejecting an object (and the associated fit results). Instead, a careful investigation should be done to assess the reliability of different measurements and to determine their impact on the subsequent analyses and results, such as RH − M relation.
	[image: thumbnail]	Fig. 6. Comparison between I0/3σRMS − Re for all LoTSS DR2 objects considered here, highlighting those targets (magenta) that lie in a similar range of parameters as the ten LoTSS DR2 objects (black) that had a non-reliable flux measurement (Botteon et al. 2022).



We can now highlight in the RH − M plane those targets for which we performed the aforementioned detailed analyses (top panel of Fig. 7) and for which Re could have been overestimated. It is interesting to see that these targets have been selected by analysing parameters that are not related to the mass. If removed from the RH − M plane, we find that the top left region of the plot is not populated anymore, suggesting the presence of an upper envelope of the observed RH at a given mass (Fig. 7, bottom panel). This can be explained by the fact that thanks to LOFAR, we can also detect the emission caused by minor merger events. These events can occur both in low- and high-mass clusters, producing steep spectrum radio halos that will appear smaller in size (e.g. Cassano et al. 2010). On the contrary, major merging events occur mainly in massive systems producing brighter and larger halos. As a consequence of that, we would have the formation of an upper envelope in the RH − M plane, as observed in Fig. 7.
	[image: thumbnail]	Fig. 7. 3Re − M500 relation. Top: Same plot as left panel of Figure 5 but highlighting in magenta low S/N targets selected in Figure 6. Bottom: Removing the magenta objects and color-coding the remaining ones according to c from Zhang et al. (2023).



We can now exploit, when available, the dynamical parameter estimates for LoTSS DR2 objects to see any correlation in the RH − M plane. In particular, we make use of the results by Zhang et al. (2023), who estimated such parameters within 100 and 500 kpc, differently to what Campitiello et al. (2022) did for the CHEX-MATE sample adopting 0.15 and 1 R500. Interestingly, color-coding the remaining targets by their c parameters7 (Fig. 7, bottom panel) shows that only objects with a less concentrated core (i.e. higher dynamical disturbance) can have large halos and mainly at high masses. On the contrary, less massive and more relaxed targets display smaller halos. This latter finding using dynamical indicators further supports the view of the halo size being determined by both the cluster mass and the strength of the merger event in the system.
4.2. Comparison with literature results
We now discuss how our low-frequency results on the RH − M500 relation compare with previous findings. In Figure 8 (left panel), we compare the 3Re − M500 relation found here for the LoTSS DR2 targets with the one derived by using the results of Cuciti et al. (2021b) who fitted an exponential profile to a sample of halos observed at higher frequency8. We also compare, for the common targets of the two samples, the estimates for Re at different frequencies (right panel of Fig. 8). The cluster ZwCl0634.1+4750 it is not part of the LoTSS DR2 but was studied by Cuciti et al. (2022) at 144 MHz obtaining Re ∼ 150 kpc. Similarly, for A1758 we use the estimate provided by Balboni et al. (2024) as, due to a careful treatment of halo substructures, provides a more robust value of Re than the one reported in Botteon et al. (2022).
	[image: thumbnail]	Fig. 8. Comparison between the results of the LoTSS DR2 and from Cuciti et al. (2021b). Left: The 3Re − M500 relation (without the low-brightness points identified in this world). Right: Comparison of the estimated Re at low and high frequencies for the common objects. Points marked with a black ‘X’ are the ones for which GMRT data, instead of VLA, have been used. For the case of A773, only the red mark is visible as the two measures overlap.



The most evident difference is that using VLA and GMRT observations, Cuciti et al. (2021b) recovered a correlation among the cluster mass and Re with a positive trend. Also, such a comparison clearly shows the differences between the two halo samples. First, the low-frequency observations allow us to explore the radio emission in low-mass systems, which are hardly detected in the GHz range. Then, for a fixed mass, the extension of the halos is typically higher at lower frequencies. This suggests a broader distribution of the CRe at lower energies, making the halos appear more extended. This is more evident in the right plot, where almost all clusters display more extended radio emission at lower frequencies9. This could be interpreted as due to the presence of a radial spectral steepening in radio halos, which is naturally expected in the framework of the turbulence re-acceleration scenario (see e.g. Brunetti & Jones 2014 and references therein). In fact, it is due to the re-acceleration of particles in a magnetic field with a decreasing radial profile, with the frequency at which the synchrotron steepens is νs ∝ B. This is observed in the case of few single radio halos (e.g. in the Coma cluster, Bonafede et al. 2022, MACSJ0717.5+3745; Rajpurohit et al. 2021) however this is the first time this is derived for an ensemble of targets.
Finally, we have tested whether the objects with low S/N and a biased estimate of their size could impact our previous analyses. An incorrect estimate of Re would lead to an inaccurate estimate of the power since P150 MHz is computed starting from model results. We have calculated the total radio power starting from the flux within the 2σRMS halo region and derived the associated radio power. We re-computed the fit of the P150 MHz − M500 relation made in Sect. 3.2 finding no differences in the results (αM = 3.07 ± 0.38) and we can conclude that our results are robust with respect to this systematic error.
4.3. The role of the magnetic field in the P − M relation
A power-law relation between the cluster total mass and the radio power associated with a giant halo has been confirmed and investigated in detail in recent works (see e.g. Cuciti et al. 2021a). However, if the radio power associated with radio halos is interpreted as mainly induced by the magneto-hydrodynamical turbulence produced by mergers, the Pν − M relation might include a dependence on the magnetic fields acting on the halo, and its form can become more complicated.
Cassano & Brunetti (2005) have shown that radio halo can originate from merger-induced turbulence, where Kelvin-Helmholtz instabilities of the infalling substructures produce eddies in the ICM. They found that if a fraction of the turbulent energy is in the form of magnetosonic waves, the latter can re-accelerate relativistic electrons in the ICM, triggering synchrotron emission, both considering an injection spectrum over a broad range of scales or at a specific scale where the cascade is originated. Following this modelling, Cassano et al. (2006) have rewritten the radio power as:
[image: thumbnail](15)
where M is the cluster mass, Γ is the dependence of the cluster temperature on the mass, T ∝ MΓ (Γ = 2/3 in the self-similar scenario), B = BM′(M/M′)b is the magnetic field strength that scales with the object’s mass M as stated in Dolag et al. (2002, 2004) who found B ∝ M1.33 for Γ = 2/3, BCMB ≈ 3.25(1 + z)2 μG is the equivalent magnetic field strength of the cosmic microwave background (CMB) and ne, r is the number density of relativistic electrons in the volume of the radio halos. In the two extreme regimes of BM ≫ BCMB, and reverse, Pν ≈ M2 − Γ/[M2b+2b(1+z)4] and Pν ≈ M2 − Γ + 2b/(1 + z)8, respectively.
We model the radio power of the objects in the LoTSS DR2 sample at z < 0.4 using of Eq. (15) and assuming Γ = 2/3:
[image: thumbnail](16)
where M′ = 5.3 × 1014 M⊙ is the median value of the distribution in mass in the sample and BM′ is the average magnetic field at mass M′. We then fit Eq. (16) to constrain the unknown parameters BM′ and b. To do so, we used the python package PYMC v. 5.6.1 (Salvatier et al. 2016; Wiecki et al. 2023; Abril-Pla et al. 2023) which allows us to construct Bayesian models and fit them through Markov chain Monte Carlo methods, accounting for variables errors and intrinsic scatter (see Appendix A for more details). We obtain best-fit values, BM′ = 2.52 ± 0.61 and b = 2.05 ± 0.36, and with a large intrinsic scatter of 0.95 ± 0.12. We stress that these values refer to the radio halo emitting region, which, given that P150 MHz is computed down to 3Re (Botteon et al. 2022), is typically enclosed within 0.9 − 1 Mpc3. The value of b is higher than the reference value of 1.33 obtained by Dolag et al. (2002, 2004) using cosmological simulations and also slightly larger than the constraints inferred by Cassano et al. (2006). We can also test the case where b is fixed to 1.33, finding a best-fit value for the magnetic field of BM′ = 2.11 ± 0.88 (see Figure 9).
	[image: thumbnail]	Fig. 9. Expected αM values as a function of BM′ (y-axis) and b (x-axis). In particular, the {BM′, b} range shown (in orange) is the one allowed by the αM slope obtained from our analysis made in Sect. 3.2 (in orange). The blue box and brown point are the best-fit values from the fit of Eq. (16). Red lines represent literature results of estimates of the average cluster magnetic field from polarisation studies (Murgia et al. 2004; Govoni et al. 2006; Guidetti et al. 2008; Bonafede et al. 2010; Vacca et al. 2010, 2012; Govoni et al. 2017; Stuardi et al. 2021; De Rubeis et al. 2024).



Following Cassano et al. (2006), we can compare the expected value of the Pν − M slope (αM) from the turbulent re-acceleration model with the one derived from observations. In this way, we can further determine the range of values for BM′ and b that are allowed by the observed αM. The expected Pν − M slope can be calculated as:
[image: thumbnail](17)
where for M1 and M2 we used the minimum and maximum mass value of the LoTSS DR2 clusters exploited here (1.66 and 10.10 × 1014 M⊙), P1 and P2 are computed using Eq. (15) and assuming the mean redshift of the considered sample ⟨z⟩ = 0.23. In Figure 9, we report the derived αM obtained from Eq. (17) for the different combination of BM and b, which lie in the {BM′, b} parameters space allowed by our fit of the P150 MHz − M500 relation (see Sect. 3.2). Additionally, since we fitted Eq. (16) to the data, we also report the recovered best-fit values for BM′ and b. The blue box indicates the results when leaving all the parameters free to vary and the brown point is for the case with a fixed b = 1.33. We see that both results are consistent with the ones we derived by fitting the Pν − M500 relation. However, the fit obtained with a fixed b agrees better with the {BM′, b} range allowed by αM (yellow-orange region) than the one with b free to vary, whose consistency appears more marginal. We also note that the intrinsic scatter of the former is higher ∼1.04 than that of the latter ∼0.95.
We compare in Fig. 9 our estimates of BM′ with the literature results and analyses reported in Stuardi et al. (2021) and De Rubeis et al. (2024) about clusters’ magnetic field estimates within a volume of 1 Mpc3. We focus only on those objects classified as merging systems. Those estimates have been obtained through polarisation studies of compact sources embedded within the cluster environment or background sources at higher redshift and subsequent comparisons with simulations (the only exception is the work of De Rubeis et al. 2024, which used only the polarised emission from radio relics). It is important to note that our values of BM′ are referred to a cluster with a mass of 5.3 × 1014 M⊙, while such literature results span a range of masses, ∼3.4 − 8.9 × 1014 M⊙, and that include clusters with and without radio halos (at the frequency used to determine the cluster magnetic field). Bearing this in mind, we see that, although they lie in the same ∼μG range, our best-fit values are higher than the ones from the literature by a factor of 1.5–2, with only Coma and PSZ2G096.88 that are consistent with both our fits. We note that of the two estimates obtained here, the fit with fixed b = 1.33, which predicts a lower value of BM′, agrees better with past results. A possible explanation for the discrepancy between the two approaches could be the different cluster volumes in which the average B is estimated. In particular, literature results all refer to a volume of 1 Mpc3, while in our sample several clusters have a smaller extension and the magnetic field is expected to decline with the radius (Bonafede et al. 2010).
5. Summary and conclusions
In this work, we analysed the global and spatially resolved non-thermal properties of a selected sample of radio halos in terms of their dependence with mass and redshift, inspired by the analogy of what has been achieved for the ICM thermal components. With such analyses, we unveiled the complex scenario brought up by low-frequency observations and also put constraints on the role of the magnetic field.
We initially derived a simple model that links the total radio power to the halo surface brightness profile, relating the dependence with mass and redshift of the global quantity to the one of the spatially resolved profile (Eq. (13) and Eq. (10)). We used this model to obtain the expected scaling (in M and z) of the radio profiles starting from the observed dependencies of the total radio power (through Eq. (11)). We then exploited the available radio halo profiles to recover the best-fit scaling parameters from the data and compare them with the ones predicted by our model based on the radio power-mass relation. With these tools, we explored different possibilities for the mass and redshift scaling relations. We started by considering only the mass dependence in our relations, finding that the scatter of the profiles is minimised (σint ∼ 0.22). However, the best-fit parameters obtained from the observed profiles show a disagreement (at 2σ level) with the model expectations. We then accounted also for the redshift dependence, finding an improvement in the results, but still with a discrepancy (at 1.4σ) with model predictions. Despite that, when rescaling the halo profiles for the expected dependencies of the model, the profiles’ scatter was reduced by a factor of 4. We also reported an evident residual dependence of the scaled halo profile on the cluster dynamical status (Fig. 4).
However, since no RH − M correlation is found for the LoTSS DR2 clusters, we then relaxed the constraint on the halo size mass dependence and modified the considered model (Eq. (14)). In this way, we recovered a good agreement between the mass profile scaling predicted by the model (∼2.76) and the one recovered from the best-fit parameters (∼2.88), whilst still significantly reducing the profiles’ intrinsic scatter (σint ∼ 0.26).
In Sect. 4.1, we analysed and discussed the RH − M relation, finding that for some low S/N objects, the halo size could have been overestimated. When removed, in the RH − M relation it is possible to identify an upper envelope for the size of the radio halo that does not allow for large radio halos at low cluster masses. We interpreted this evidence as an indication of the dependence of the halo size on the energetics of the merger, with only clusters that experienced minor merger events being found at low masses, while more massive clusters can host both large and small halos depending on the type of the merger event, as expected in the turbulent re-acceleration scenario (e.g. Cassano et al. 2010).
Finally, we tried to assess the role of the magnetic field in the observed Pν − M relation by exploiting the work from Cassano et al. (2006) and, thanks to our larger sample, expanding their analysis. Using the model described in their work we estimated the scaling with the mass of the volume-averaged cluster magnetic field (B ∝ Mb), finding a value of b = 2.05 ± 0.36 and an average magnetic field BM′ = 2.52 ± 0.61 for M′ = 5.3 × 1014 M⊙. When compared with the results discussed in Sect. 3.2, those estimates are in agreement with the {BM′, b} parameter space allowed by the observed P150 − M500 correlation slope. In addition, our results of BM′ lie in the 1 − 2 μG range, in agreement with literature results. However, previous estimates of the average cluster magnetic field are typically lower than the ones found here. We suggest that this can be due to different effects, ranging from sample selection (e.g. mass, presence of a radio halo) to the differences in the considered cluster volume. We also highlight the capabilities of studies like the one presented here in constraining the cluster magnetic field through the scaling relations in halos. In fact, they can provide complementary and independent results to the ones obtained through polarisation cluster analyses, the more commonly used approach to constrain the cluster magnetic field.


1 [image: equation], where ρc, z = 3Hz2/(8πG) is the critical density of the universe at the cluster’s redshift, G is the gravitational constant, and R500 is the radius of the sphere within which the average total mass density is 500 ρc, z.


2 YX is the product of the ICM gas mass within R500, and TX, the spectroscopic temperature measured in the [0.15-0.75] R500 aperture; while the SZ signal, YSZ, is proportional to the thermal energy content of the ICM along the line of sight.


3 All the derived masses are taken from the MMF3 Planck catalogue Planck Collaboration XXVII 2016.


4 https://lofar-surveys.org/radiohalo.html


5 They considered the Planck mass estimates (Planck Collaboration XXVII 2016), i.e. the same adopted for the CHEX-MATE targets.


6 https://lofar-surveys.org/planck_dr2.html


7 We now use c as a morphological indicator since, for the clusters in the LoTSS DR2 sample, only c and w were computed and not the full range of morphological parameters required to derive M (c, w, P20 and P30).


8 Note that the halo profile fit has not been performed with the same method as the one for LoTSS DR2 halos, which used Halo-FDCA.


9 We note that for A697 the observed opposite trend of the halo size could be due to a poor estimation of Re by Cuciti et al. (2021b) caused by the presence of substructures within the halo (χ2 ∼ 8). The inversion between the low and high frequencies Re is no longer valid when it is observed with LOFAR at lower resolution, showing a wider radio emitting volume with Re ≳ 400 kpc (Cuciti et al. 2022).
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Appendix A:  Fit of the P-M-B relation
We fitted Eq.16 using the python package PyMC (Salvatier et al. 2016; Wiecki et al. 2023) which creates Bayesian models and fit them through Markov chain Monte Carlo methods. In particular, we constructed a model that accounts for x and y errors and includes the intrinsic scatter. We adopted uniform priors on both BM′ and b and considered both the mass and the total radio power normally distributed (e.g. Sereno 2016). The best-fit parameters for the two considered cases (with and without fixing b to 1.33) are reported in Table A.1).
Table A.1. 
List of the parameters used in the fit of Eq/16, the priors used (uniform and half-Cauchy), and the best-fit value.

We also report in Figure A.1 the contour plots for the case with all the parameters free to vary. It is clear how the only degeneration is present between the normalisation N and the average cluster magnetic field BM′. This is somehow expected since BM′ plays indeed the role of a normalisation in the B(M) = BM′(M/M′)b relation included in Eq.16. Therefore, the two parameters appear anti-correlated.
	[image: thumbnail]	Fig. A.1. Contour plots of the fitted variables of Eq.16 with the median values of each distribution highlighted.




Appendix B:  General properties of the LoTSS DR2 halo clusters
Table B.1. 
Main properties of the 43 radio halo clusters at z < 0.4 used to constrain the Pν − M relation taken from Cuciti et al. (2023) (and with X-ray morphological parameters in Zhang et al. (2023)), the sample listes as the first entry in Table 2.
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	[image: thumbnail]	Fig. 1. Comparison between the subsample of 18 clusters considered here and the full CHEX-MATE sample. Top: M500 − z distribution of the CHEX-MATE sample, with highlighted (circles) the LoTSS DR2 clusters with diffuse emission and the Tier-1 and Tier-2 subsamples. In the inset are reported the CDFs of the M parameter of the whole CHEX-MATE sample (black) and the one to the targets considered here (orange). Bottom: c − w plot of the whole CHEX-MATE sample, with highlighted objects with (empty black squares) and without (empty black circles) diffuse halo emission from the LoTSS DR2. The targets are coloured according to the classification made by Campitiello et al. (2022). Dashed grey lines indicate the median c and w values of the sample.
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	[image: thumbnail]	Fig. 4. Scaled, rest-frame, radial profiles of the considered halos and their scatter. Top: Scaled profiles assuming the expected scaling as described in Eq. (14). Bottom: Same plot, but with objects colour-coded according to their morphological M parameter (Campitiello et al. 2022) with highlighted in orange and blue the median profiles of mixed and disturbed targets, i.e. with a value of M below or above 0.4, respectively.
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	[image: thumbnail]	Fig. 5. Correlations among three of the considered properties of the objects used to derive the P150 MHz − M500 relations. Left: Mass vs radio halo size (expressed as 3 × Re) and the Spearman rank. Right: Mass vs average radio emissivity, ⟨ϵR⟩, considering the halo emission spherical and with a radius 3Re reported in Botteon et al. (2022).
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	[image: thumbnail]	Fig. 6. Comparison between I0/3σRMS − Re for all LoTSS DR2 objects considered here, highlighting those targets (magenta) that lie in a similar range of parameters as the ten LoTSS DR2 objects (black) that had a non-reliable flux measurement (Botteon et al. 2022).
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	[image: thumbnail]	Fig. 8. Comparison between the results of the LoTSS DR2 and from Cuciti et al. (2021b). Left: The 3Re − M500 relation (without the low-brightness points identified in this world). Right: Comparison of the estimated Re at low and high frequencies for the common objects. Points marked with a black ‘X’ are the ones for which GMRT data, instead of VLA, have been used. For the case of A773, only the red mark is visible as the two measures overlap.
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	[image: thumbnail]	Fig. 9. Expected αM values as a function of BM′ (y-axis) and b (x-axis). In particular, the {BM′, b} range shown (in orange) is the one allowed by the αM slope obtained from our analysis made in Sect. 3.2 (in orange). The blue box and brown point are the best-fit values from the fit of Eq. (16). Red lines represent literature results of estimates of the average cluster magnetic field from polarisation studies (Murgia et al. 2004; Govoni et al. 2006; Guidetti et al. 2008; Bonafede et al. 2010; Vacca et al. 2010, 2012; Govoni et al. 2017; Stuardi et al. 2021; De Rubeis et al. 2024).
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      Table 1. 

      Main properties of the 18 clusters of the crossmatched CHEX-MATE–LoTSS DR2 sample.

      
        


	Name
	z
	M500 (1014 M⊙)
	R500 (arcmin)
	c
	w (10−1)
	M





	PSZ2G031.93+78.71
	0.072
	2.72 ± 0.24
	11.64
	
[image: equation]
	
[image: equation]
	−0.47



	PSZ2G040.58+77.12
	0.075
	2.63 ± 0.22
	11.08
	
[image: equation]
	
[image: equation]
	0.56



	PSZ2G046.88+56.48
	0.115
	5.31 ± 0.23
	9.40
	
[image: equation]
	
[image: equation]
	1.41



	PSZ2G048.10+57.16
	0.078
	3.59 ± 0.21
	11.90
	
[image: equation]
	
[image: equation]
	1.03



	PSZ2G049.32+44.37
	0.097
	3.67 ± 0.26
	9.87
	
[image: equation]
	
[image: equation]
	0.08



	PSZ2G053.53+59.52
	0.113
	5.85 ± 0.23
	9.58
	
[image: equation]
	
[image: equation]
	0.98



	PSZ2G055.59+31.85
	0.224
	7.78 ± 0.31
	5.99
	
[image: equation]
	
[image: equation]
	−0.46



	PSZ2G056.77+36.32
	0.095
	4.38 ± 0.20
	10.53
	
[image: equation]
	
[image: equation]
	−0.81



	PSZ2G066.41+27.03
	0.576
	7.70 ± 0.53
	2.88
	
[image: equation]
	
[image: equation]
	0.74



	PSZ2G077.90–26.63
	0.15
	5.06 ± 0.26
	7.46
	
[image: equation]
	
[image: equation]
	−1.03



	PSZ2G083.29–31.03
	0.412
	8.27 ± 0.44
	3.66
	
[image: equation]
	
[image: equation]
	0.36



	PSZ2G107.10+65.32
	0.280
	8.22 ± 0.28
	5.00
	
[image: equation]
	
[image: equation]
	0.66



	PSZ2G111.75+70.37
	0.183
	4.34 ± 0.33
	5.88
	
[image: equation]
	
[image: equation]
	1.47



	PSZ2G113.91-37.01
	0.371
	7.58 ± 0.55
	3.96
	
[image: equation]
	
[image: equation]
	0.74



	PSZ2G143.26+65.24
	0.363
	7.65 ± 0.43
	3.97
	
[image: equation]
	
[image: equation]
	0.87



	PSZ2G179.09+60.12
	0.137
	3.84 ± 0.33
	7.26
	
[image: equation]
	
[image: equation]
	−1.09



	PSZ2G186.37+37.26
	0.282
	11.00 ± 0.37
	5.57
	
[image: equation]
	
[image: equation]
	−0.20



	PSZ2G192.18+56.12
	0.124
	3.62 ± 0.30
	7.80
	
[image: equation]
	
[image: equation]
	0.19





      

    

  
    
      Fig. 1. 

      
        [image: thumbnail]
      

      
        Comparison between the subsample of 18 clusters considered here and the full CHEX-MATE sample. Top: M500 − z distribution of the CHEX-MATE sample, with highlighted (circles) the LoTSS DR2 clusters with diffuse emission and the Tier-1 and Tier-2 subsamples. In the inset are reported the CDFs of the M parameter of the whole CHEX-MATE sample (black) and the one to the targets considered here (orange). Bottom: c − w plot of the whole CHEX-MATE sample, with highlighted objects with (empty black squares) and without (empty black circles) diffuse halo emission from the LoTSS DR2. The targets are coloured according to the classification made by Campitiello et al. (2022). Dashed grey lines indicate the median c and w values of the sample.

      

    

  
    
      Table 2. 

      Summary of the samples considered in this work.

      
        


	Sample
	Total objects
	Clusters at z < 0.4
	Purpose





	LoTSS DR2 RH
	61
	43
	Constrain the Pν − M relation



	LoTSS DR2 ∩ CHEX-MATE
	40
	38
	/



	LoTSS DR2 ∩ CHEX-MATE RH
	18
	16
	Derive scaling relations for halo profiles





      

    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
        Rest-frame radio surface brightness profiles of the 16 targets at z < 0.4 considered in this work. In the legend, it is reported the global scatter of the profiles when fitted with an exponential model (see Sect. 3.1 and 3.3).

      

    

  
    
      Table 3. 

      Summary of the variables defined to quantify the mass and redshift scalings throughout this work.

      
        


	Variable
	Definition
	Equation





	αM
	Global mass scaling
	Pν ∝ (M)αM



	αM, z
	Global mass and redshift scaling
	Pν ∝ (MEz)αM, z



	γM (γz)
	Profiles, best-fit mass (redshift) scaling
	Iν ∝ MγMEzγz



	γM, p (γz, p)
	Profiles, predicted mass (redshift) scaling
	Iν ∝ MγM, pEzγz, p



	βM (βz)
	Mass (redshift) scaling of RH
	RH ∝ MβMEzβz





      

    

  
    
      Table 4. 

      Radio power best-fit rescaling parameters, using the objects classified, by Botteon et al. (2022) and Cuciti et al. (2023), as a radio halo and candidate radio halo and located at z < 0.4.

      
        


	
	log(P0)
	σint
	αM, z (αM)





	P150 MHz ∝ MαM
	22.76 ± 0.28
	0.35 ± 0.05
	3.02 ± 0.39



	P150 MHz ∝ (MEz)αM, z
	22.81 ± 0.26
	0.34 ± 0.04
	2.76 ± 0.35





      

    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Power mass relation for the radio halos, including candidates, of the LoTSS DR2 at z < 0.4. In the two panels, we present the different scaling proposed. Left: No redshift dependence. Right: Equal mass and redshift dependence.

      

    

  
    
      Table 5. 

      Radial profiles’ best-fit rescaling parameters.

      
        


	Quantity
	log(I0)
	A
	σint
	γM
	γz





	I150 MHz ∝ MγM
	−8.43 ± 0.33
	−0.70 ± 0.16
	0.22 ± 0.05
	3.68 ± 0.43
	0 (fixed)



	
[image: equation]
	−8.30 ± 0.30
	−0.71 ± 0.15
	0.24 ± 0.04
	3.41 ± 0.38
	4/3 (fixed)



	I150 MHz ∝ MγMEz, fixedαM + 4/3
	−8.00 ± 0.33
	−0.72 ± 0.15
	0.31 ± 0.04
	2.85 ± 0.43
	4.10 (fixed)



	I150 MHz ∝ (MEz)γM
	−7.98 ± 0.31
	−0.78 ± 0.15
	0.26 ± 0.04
	2.88 ± 0.33
	γM





      

    

  
    
      Fig. 4. 

      
        [image: thumbnail]
      

      
        Scaled, rest-frame, radial profiles of the considered halos and their scatter. Top: Scaled profiles assuming the expected scaling as described in Eq. (14). Bottom: Same plot, but with objects colour-coded according to their morphological M parameter (Campitiello et al. 2022) with highlighted in orange and blue the median profiles of mixed and disturbed targets, i.e. with a value of M below or above 0.4, respectively.

      

    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
        Correlations among three of the considered properties of the objects used to derive the P150 MHz − M500 relations. Left: Mass vs radio halo size (expressed as 3 × Re) and the Spearman rank. Right: Mass vs average radio emissivity, ⟨ϵR⟩, considering the halo emission spherical and with a radius 3Re reported in Botteon et al. (2022).

      

    

  
    
      Table 6. 

      Spearman rank among the main quantities of the cluster sample studied by Cuciti et al. (2023) and also used here. Each cell is colored by the value within.

      
        


	
	z
	M500
	R500
	P150
	I0
	Re





	z
	
	0.55
	0.31
	0.60
	0.33
	−0.02



	M500
	0.55
	
	0.94
	0.80
	0.56
	0.09



	R500
	0.31
	0.94
	
	0.70
	0.49
	0.17



	P150
	0.60
	0.80
	0.70
	
	0.59
	0.28



	I0
	0.33
	0.56
	0.49
	0.59
	
	−0.45



	Re
	-0.02
	0.09
	0.17
	0.28
	−0.45
	





      

    

  
    
      Fig. 6. 

      
        [image: thumbnail]
      

      
        Comparison between I0/3σRMS − Re for all LoTSS DR2 objects considered here, highlighting those targets (magenta) that lie in a similar range of parameters as the ten LoTSS DR2 objects (black) that had a non-reliable flux measurement (Botteon et al. 2022).

      

    

  
    
      Fig. 7. 

      
        [image: thumbnail]
      

      
        3Re − M500 relation. Top: Same plot as left panel of Figure 5 but highlighting in magenta low S/N targets selected in Figure 6. Bottom: Removing the magenta objects and color-coding the remaining ones according to c from Zhang et al. (2023).

      

    

  
    
      Fig. 8. 

      
        [image: thumbnail]
      

      
        Comparison between the results of the LoTSS DR2 and from Cuciti et al. (2021b). Left: The 3Re − M500 relation (without the low-brightness points identified in this world). Right: Comparison of the estimated Re at low and high frequencies for the common objects. Points marked with a black ‘X’ are the ones for which GMRT data, instead of VLA, have been used. For the case of A773, only the red mark is visible as the two measures overlap.

      

    

  
    
      Fig. 9. 

      
        [image: thumbnail]
      

      
        Expected αM values as a function of BM′ (y-axis) and b (x-axis). In particular, the {BM′, b} range shown (in orange) is the one allowed by the αM slope obtained from our analysis made in Sect. 3.2 (in orange). The blue box and brown point are the best-fit values from the fit of Eq. (16). Red lines represent literature results of estimates of the average cluster magnetic field from polarisation studies (Murgia et al. 2004; Govoni et al. 2006; Guidetti et al. 2008; Bonafede et al. 2010; Vacca et al. 2010, 2012; Govoni et al. 2017; Stuardi et al. 2021; De Rubeis et al. 2024).

      

    

  
    
      Table A.1. 

      List of the parameters used in the fit of Eq/16, the priors used (uniform and half-Cauchy), and the best-fit value.

      
        


	Parameter
	Prior
	Best fit





	b
	U(0, 10)
	2.05 ± 0.36



	BM′
	U(0, 10)
	2.53 ± 0.61



	N
	U(0, 10)
	2.82 ± 0.83



	σint
	HC(0.5)
	0.95 ± 0.13



	




	b (fixed)
	/
	1.33



	BM′
	U(0, 10)
	2.11 ± 0.88



	N
	U(0, 10)
	3.20 ± 1.69



	σint
	HC(0.5)
	1.04 ± 0.13





      

    

  
    
      Fig. A.1. 

      
        [image: thumbnail]
      

      
        Contour plots of the fitted variables of Eq.16 with the median values of each distribution highlighted.

      

    

  
    
      Table B.1. 

      Main properties of the 43 radio halo clusters at z < 0.4 used to constrain the Pν − M relation taken from Cuciti et al. (2023) (and with X-ray morphological parameters in Zhang et al. (2023)), the sample listes as the first entry in Table 2.

      
        


	Name
	z
	M500 (1014 M⊙)
	P150 MHz (1024 W Hz−1)
	I0 (μJy arcsec−2)
	Re (kpc)
	c
	w (10−1)





	PSZ2G023.17+86.71
	0.306
	5.03 ± 0.56
	9.76 ± 1.18
	5.79 ± 0.34
	232.8 ± 11.7
	0.123 ± 0.010
	0.217 ± 0.026



	PSZ2G031.93+78.71
	0.072
	2.72 ± 0.24
	2.28 ± 1.01
	11.39 ± 0.20
	78.7 ± 1.1
	0.214 ± 0.002
	0.283 ± 0.002



	PSZ2G040.58+77.12
	0.075
	2.63 ± 0.22
	0.60 ± 0.11
	0.67 ± 0.10
	165.3 ± 21.0
	0.227 ± 0.006
	0.061 ± 0.007



	PSZ2G045.87+57.70
	0.611
	7.03 ± 0.68
	21.1 ± 5.03
	14.18 ± 1.90
	89.0 ± 9.6
	0.254 ± 0.005
	0.218 ± 0.007



	PSZ2G046.88+56.48
	0.115
	5.31 ± 0.23
	8.36 ± 0.98
	1.57 ± 0.07
	369.9 ± 13.6
	0.082 ± 0.004
	0.234 ± 0.018



	PSZ2G048.10+57.16
	0.078
	3.59 ± 0.21
	5.43 ± 0.68
	1.58 ± 0.05
	463.4 ± 15.6
	0.088 ± 0.003
	0.591 ± 0.076



	PSZ2G049.32+44.37
	0.097
	3.67 ± 0.26
	1.73 ± 0.26
	0.61 ± 0.05
	281.2 ± 19.7
	0.184 ± 0.006
	0.109 ± 0.011



	PSZ2G053.53+59.52
	0.113
	5.85 ± 0.23
	13.20 ± 1.56
	11.66 ± 0.11
	171.5 ± 1.4
	0.139 ± 0.003
	0.132 ± 0.035



	PSZ2G055.59+31.85
	0.224
	7.78 ± 0.31
	5.29 ± 0.86
	17.48 ± 0.71
	72.3 ± 2.3
	0.300 ± 0.015
	0.056 ± 0.038



	PSZ2G056.77+36.32
	0.095
	4.38 ± 0.20
	1.95 ± 0.63
	1.10 ± 0.10
	223.3 ± 15.5
	0.303 ± 0.010
	0.039 ± 0.018



	PSZ2G066.41+27.03
	0.576
	7.70 ± 0.53
	172.00 ± 19.50
	15.5 ± 0.42
	374.5 ± 11.0
	0.088 ± 0.009
	0.275 ± 0.228



	PSZ2G071.21+28.86
	0.366
	6.75 ± 0.45
	34.10 ± 5.44
	1.53 ± 0.13
	490.3 ± 35.6
	0.064 ± 0.004
	0.129 ± 0.021



	PSZ2G083.29-31.03
	0.412
	8.27 ± 0.44
	36.70 ± 4.03
	6.71 ± 0.28
	226.5 ± 7.8
	0.177 ± 0.013
	0.297 ± 0.107



	PSZ2G084.13-35.41
	0.314
	5.50 ± 0.58
	19.70 ± 4.69
	6.16 ± 0.31
	201.8 ± 8.4
	0.095 ± 0.006
	0.379 ± 0.021



	PSZ2G096.83+52.49
	0.318
	4.92 ± 0.37
	16.20 ± 2.80
	7.92 ± 0.23
	211.0 ± 5.9
	0.209 ± 0.004
	0.087 ± 0.009



	PSZ2G097.72+38.12
	0.171
	6.59 ± 0.16
	11.90 ± 1.27
	7.44 ± 0.14
	183.2 ± 2.9
	0.170 ± 0.007
	0.321 ± 0.079



	PSZ2G099.86+58.45
	0.630
	6.85 ± 0.49
	38.70 ± 9.21
	7.36 ± 0.49
	163.2 ± 8.6
	0.133 ± 0.010
	0.215 ± 0.056



	PSZ2G106.61+66.71
	0.331
	4.67 ± 0.56
	7.07 ± 0.90
	12.82 ± 0.52
	81.7 ± 2.5
	0.140 ± 0.032
	0.508 ± 0.080



	PSZ2G107.10+65.32
	0.280
	8.22 ± 0.28
	71.60 ± 9.60
	22.66 ± 1.44
	251.1 ± 16.0
	0.107 ± 0.006
	0.861 ± 0.012



	PSZ2G109.97+52.84
	0.326
	4.81 ± 0.38
	6.18 ± 0.98
	1.39 ± 0.16
	233.5 ± 25.0
	0.334 ± 0.005
	0.082 ± 0.009



	PSZ2G111.75+70.37
	0.183
	4.34 ± 0.33
	2.90 ± 1.99
	2.53 ± 0.14
	218.1 ± 12.9
	0.092 ± 0.007
	0.571 ± 0.032



	PSZ2G112.48+56.99
	0.070
	2.99 ± 0.15
	0.67 ± 0.10
	0.80 ± 0.05
	160.7 ± 9.3
	0.174 ± 0.005
	0.046 ± 0.01



	PSZ2G113.91-37.01
	0.371
	7.58 ± 0.55
	63.8 ± 7.09
	5.09 ± 0.23
	365.3 ± 15.0
	0.157 ± 0.016
	0.460 ± 0.025



	PSZ2G114.31+64.89
	0.284
	6.76 ± 0.37
	18.3 ± 3.64
	12.40 ± 0.59
	143.9 ± 6.6
	0.166 ± 0.027
	0.128 ± 0.019



	PSZ2G133.60+69.04
	0.254
	5.88 ± 0.40
	34.3 ± 4.28
	7.07 ± 0.17
	377.1 ± 5.2
	0.087 ± 0.009
	0.380 ± 0.035



	PSZ2G135.17+65.43
	0.544
	6.01 ± 0.60
	54.6 ± 9.84
	6.43 ± 0.5
	232.7 ± 12.1
	0.105 ± 0.019
	0.472 ± 0.076



	PSZ2G138.32-39.82
	0.280
	5.98 ± 0.56
	8.22 ± 1.27
	2.89 ± 0.24
	201.7 ± 14.3
	0.198 ± 0.007
	0.132 ± 0.013



	PSZ2G139.18+56.37
	0.322
	6.87 ± 0.38
	147.0 ± 18.40
	45.75 ± 0.25
	170.2 ± 0.8
	0.086 ± 0.006
	0.470 ± 0.085



	PSZ2G143.26+65.24
	0.363
	7.65 ± 0.43
	16.8 ± 2.53
	4.30 ± 0.27
	206.5 ± 11.7
	0.142 ± 0.026
	0.246 ± 0.015



	PSZ2G148.36+75.23
	0.304
	4.75 ± 0.50
	6.07 ± 0.70
	8.57 ± 0.58
	96.6 ± 5.1
	0.206 ± 0.009
	0.527 ± 0.024



	PSZ2G149.22+54.18
	0.137
	5.87 ± 0.22
	16.4 ± 2.69
	6.42 ± 0.11
	246.1 ± 3.6
	0.136 ± 0.003
	0.037 ± 0.008



	PSZ2G149.75+34.68
	0.182
	8.86 ± 0.32
	56.2 ± 6.04
	12.23 ± 0.08
	303.9 ± 1.6
	0.172 ± 0.003
	0.613 ± 0.037



	PSZ2G150.56+58.32
	0.470
	7.55 ± 0.51
	56.5 ± 10.70
	10.66 ± 0.37
	315.3 ± 11.2
	0.133 ± 0.016
	0.316 ± 0.177



	PSZ2G151.19+48.27
	0.289
	5.08 ± 0.47
	13.4 ± 2.57
	1.66 ± 0.13
	335.5 ± 23.7
	0.077 ± 0.009
	0.241 ± 0.118



	PSZ2G164.65+46.37
	0.342
	6.01 ± 0.55
	9.56 ± 2.26
	5.87 ± 0.33
	217.1 ± 12.0
	0.246 ± 0.010
	0.605 ± 0.021



	PSZ2G165.06+54.13
	0.144
	4.94 ± 0.28
	3.51 ± 0.62
	0.88 ± 0.06
	305.0 ± 18.4
	0.188 ± 0.005
	0.177 ± 0.015



	PSZ2G166.09+43.38
	0.217
	6.85 ± 0.32
	16.5 ± 1.87
	7.19 ± 0.16
	202.0 ± 3.9
	0.184 ± 0.007
	0.183 ± 0.057



	PSZ2G172.63+35.15
	0.127
	3.90 ± 0.34
	2.99 ± 0.41
	1.79 ± 0.16
	202.5 ± 15.1
	0.184 ± 0.009
	0.201 ± 0.021



	PSZ2G176.27+37.54
	0.567
	6.14 ± 0.86
	9.62 ± 3.16
	2.96 ± 1.05
	139.6 ± 40.7
	0.243 ± 0.017
	0.190 ± 0.039



	PSZ2G179.09+60.12
	0.137
	3.84 ± 0.33
	1.89 ± 0.42
	2.55 ± 0.22
	133.0 ± 10.4
	0.515 ± 0.006
	0.065 ± 0.022



	PSZ2G183.90+42.99
	0.561
	6.95 ± 0.74
	75.5 ± 7.81
	16.35 ± 0.39
	167.6 ± 3.1
	0.156 ± 0.005
	0.182 ± 0.011



	PSZ2G184.68+28.91
	0.288
	5.50 ± 0.52
	1.94 ± 0.40
	5.40 ± 0.93
	70.7 ± 9.8
	0.293 ± 0.015
	0.079 ± 0.03



	PSZ2G186.37+37.26
	0.282
	11.00 ± 0.37
	23.0 ± 2.44
	12.40 ± 0.43
	162.2 ± 4.8
	0.147 ± 0.008
	0.099 ± 0.053



	PSZ2G186.99+38.65
	0.378
	6.84 ± 0.52
	30.0 ± 3.96
	27.68 ± 0.90
	106.1 ± 2.8
	0.199 ± 0.008
	0.385 ± 0.021



	PSZ2G189.31+59.24
	0.126
	3.24 ± 0.31
	10.9 ± 2.78
	25.8 ± 0.39
	102.3 ± 1.2
	0.245 ± 0.004
	0.476 ± 0.008



	PSZ2G190.61+66.46
	0.488
	5.55 ± 0.65
	36.3 ± 4.44
	3.22 ± 0.23
	290.5 ± 15.0
	0.105 ± 0.016
	0.287 ± 0.058



	PSZ2G192.18+56.12
	0.124
	3.62 ± 0.30
	0.81 ± 0.15
	0.66 ± 0.10
	174.9 ± 22.1
	0.172 ± 0.007
	0.170 ± 0.112



	PSZ2G205.90+73.76
	0.447
	7.39 ± 0.55
	30.1 ± 5.15
	34.30 ± 1.53
	103.3 ± 4.7
	0.212 ± 0.018
	0.135 ± 0.032
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