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Abstract

Aims. The aim of this work is to study the position of gas-rich and gas-poor galaxy clusters within the large-scale structure and, in particular, their distance to filaments.

Methods. Our sample is built from 29 of the 34 clusters in the X-ray unbiased cluster sample (XUCS), a velocity-dispersion-selected sample for which various properties, including masses, gas fractions, and X-ray surface brightness, are available in the literature. We computed the projected distance between each cluster and the spine of the nearest filament with the same redshift, and we investigated the link between this distance and the previously mentioned properties of the clusters, in particular their gas content.

Results. The average distance between clusters and filaments is larger for low X-ray surface brightness clusters than for those of high surface brightness, with intermediate brightness clusters being an intermediate case. The minimum distance follows a similar trend, with rare cases of low surface brightness clusters found at distances smaller than 2 Mpc from the spine of filaments. However, the Kolmogorov–Smirnov statistical test is not able to exclude the null hypothesis that the two distributions come from the same parent one. We speculate that the position of galaxy clusters within the cosmic web could have a direct impact on their gas mass fraction and hence on their X-ray surface brightness since the presence of a filament can hinder the outward flow of gas induced by the central active galactic nucleus (AGN) and reduce the time required for this gas to fall inward after the AGN is shut. However, a larger sample of clusters is needed in order to derive a statistically robust conclusion.
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1. Introduction
Studies of the intracluster medium are primarily conducted on galaxy cluster samples selected according to the properties of the intracluster medium itself. This selection can be performed either directly, by detecting the X-ray emission of the gas, or indirectly, by examining its effect on cosmic background photons, a phenomenon known as the Sunyaev–Zeldovich effect (SZ effect, Sunyaev & Zeldovich 1972). It is now accepted that this kind of selection can lead to a biased vision of the entire galaxy cluster population. In fact, for a given mass, X-ray observations can more easily find clusters that are brighter than average, whereas clusters that are fainter than average would mainly be undetected. This bias has often been taken into account (for example in Stanek et al. 2006; Pacaud et al. 2007; Andreon et al. 2011, 2016; Andreon & Moretti 2011; Eckert et al. 2011; Planck Collaboration IX 2011); however correcting it is not trivial since it is based on assumptions on the unseen population. Andreon et al. (2022) showed that the covariance between the position of a cluster in the mass-temperature diagram and its detectability is strong. On the other hand, the luminosity-temperature plane is not affected by the missing population, thus demonstrating that this population behaves differently depending on the analysed scaling relations.
In Andreon et al. (2016), an unbiased sample was selected using velocity dispersion measurements. Using this sample, called the X-ray unbiased cluster sample (XUCS), the authors demonstrated that the clusters missing from X-ray selection are those with low X-ray surface brightness. Subsequently, Andreon et al. (2017a) showed that differences in surface brightness were related to the gas fraction of clusters. In particular, systems with lower brightness have a smaller gas fraction.
It has recently been found that groups and clusters behave differently depending on their position in the cosmic web. In particular, Zarattini et al. (2023) found that fossil groups (FGs; called this way for historical reasons, but it includes both groups and clusters) are located, on average, farther from both filaments and nodes with respect to non-fossil groups. Moreover, FGs seem unable to survive in the nodes of the cosmic web. The interpretation of Zarattini et al. (2023) is that the position on the cosmic web is the main driver of their evolution, reducing the number of bright galaxies accreted by these systems and affecting the orbits of the infalling galaxies. As a consequence, the merging rate of bright satellites increases, favouring the creation of the large difference in magnitude between the two brightest members of the system. Similarly, Popesso et al. (2024) studied the position of GAMA clusters and groups (Driver et al. 2022) that were not detected in the early data release of the eROSITA Final Equatorial Depth Survey (eFEDS; Brunner et al. 2022). They found that the population not detected by eRosita is more likely to be found in filaments, whereas the population of groups and clusters detected by eRosita is more likely found in nodes.
It is thus becoming urgent to assess the role of the cosmic web in the evolution of galaxy clusters and groups. In fact, the presence of filaments and nodes could have a direct impact on the gas distribution within the cluster, as was shown by Gouin et al. (2022) using the IllustrisTNG simulation. In particular, these authors found that the warm and hot intergalactic medium follows the dark matter azimuthal distribution, meaning that the gas follows the filaments in its motion. This effect should leave clear imprints in the mass assembly history, in particular in the formation time, accretion rate, and dynamical state of clusters. Recently, Santoni et al. (2024) also found in The Three Hundred hydrodynamical simulation that cluster masses are related to connectivity (e.g. the number of filaments globally connected to a cluster), whereas the dynamical state of clusters seems unrelated to this parameter.
The goal of our work is to test if low surface brightness clusters are found in peculiar positions of the cosmic web and if this position can in some way justify the smaller gas fraction found in these objects. Throughout this paper, we assume ΩM = 0.3, ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1.
2. Sample of clusters and large-scale structure
In this section we introduce the two catalogues that we use is our work. In Sect. 2.1 we present the catalogue of filaments and intersections of Chen et al. (2016), whereas in Sect. 2.2 we introduce the XUCS cluster sample.
2.1. Catalogue of the large-scale structure
The catalogue of the large-scale structure that we use in this work was presented in Chen et al. (2016). It is based on the so-called subspace constrained mean shift (SCMS), a gradient-based method able to detect filaments through density ridges (smooth curves tracing high-density regions).
The SCMS method was applied to the Sloan Digital Sky Survey Data Release 12 (SDSS-DR12) spectroscopic data. This is the last data release from the SDSS-III phase, and it includes more than one million redshifts from the original SDSS spectrograph, part of the SDSS-I and SDSS-II, as well as data from the previous year of operations of the SEGUE-2 stellar spectra survey (Alam et al. 2015). The catalogue spans a redshift range between 0.05 < z < 0.7.
It is worth noting that the SCMS method is tailored to identify filamentary structures and that intersections are defined as the points where two or more filaments cross with one another. This definition does not precisely identify the nodes of the cosmic web as regions where the density is higher and galaxy clusters reside. Chen et al. (2016) have shown that the distribution of distances from clusters and intersections usually peaks at about two degrees, which is equivalent to about 13 Mpc at z = 0.1 and the minimum redshift presented in their analysis. For this reason, and to maintain the focus on our main result, we prefer not to include the distance to intersections in our discussion.
2.2. The X-ray unbiased cluster sample
In this work, we use the XUCS sample of clusters from Andreon et al. (2016). This sample is taken from the C4 catalogue of Miller et al. (2005) that was built by looking for overdensities in the seven-dimensional space of position, redshift, and colours obtained from the second data release of SDSS (Abazajian et al. 2004). The XUCS sample is built by all the C4 clusters with more than 50 spectroscopic members within 1 Mpc, a velocity dispersion σv > 500 km s−1, and an additional mass-dependent redshift range (0.05 < z < 0.135) in order to optimise the X-ray follow-up with the Swift satellite.
The XUCS cluster sample is thus composed of 34 clusters (Andreon et al. 2016), and they all have masses estimated using the caustic method (Diaferio & Geller 1997; Diaferio 1999; Serra et al. 2011), which is unaffected by the cluster dynamical status, using more than 100 galaxy velocities per cluster, on average. The masses of the full XUCS sample can be found in Andreon et al. (2016), and the mass range is 13.5 < log M500/M⊙ ≤ 14.6, with an interquartile range of 13.9 < log M500/M⊙ ≤ 14.3 (Andreon et al. 2024). These masses are consistent with hydrostatic masses (Andreon et al. 2017b) and have an average error of 0.14 dex.
In Puddu & Andreon (2022), the XUCS clusters were classified into three categories based on the X-ray surface brightness within r500, SBX. Clusters were classified as being of high surface brightness if log SBX ≥ 43.35 erg s−1 Mpc−2, and they have low surface brightness if log SBX ≤ 42.55 erg s−1 Mpc−2.
Those in the intermediate range are considered intermediate cases. Clusters with low surface brightness for their mass have been found to also have low richness for their mass (Puddu & Andreon 2022), and according to simulations, they experienced strong active galactic nucleus (AGN) activity at early ages (Ragagnin et al. 2022).
For this work, we only use the XUCS clusters with 120 < RA < 240 degrees and −5 < Dec < 70 degrees because the Chen et al. (2016) catalogue is uniform in this region only. As a consequence, the final XUCS sample that accomplishes this further constraint was reduced to 29 clusters.
3. Results
The method adopted in this work for measuring the distances between clusters and filaments is similar to the one presented in Zarattini et al. (2022, 2023). The filament catalogue was divided into thin slices of redshift, starting from z = 0.05 and with a thickness of 0.005 (equivalent to ∼1500 km s−1, Chen et al. 2016). As a first step, we identified the slice corresponding to the redshift of the cluster. The filaments are described with a series of points with right ascension (RA) and declination (Dec). These points are not contiguous, but they are usually dense enough to identify the spine of each filament (see Fig. 1). Since the slices are very thin, we assumed that the cluster and the filaments are exactly at the same redshift, and we defined the distance between them as the minimum projected mutual distance. This distance is reported in Table 1.
	[image: thumbnail]	Fig. 1. Environment of two clusters: CL1052 (left panel), which is one of the most distant clusters from filaments, and CL3030 (right panel), which is a high surface brightness cluster with a typical (median) distance. Our clusters are marked by the black cross in the centre, the dark green circle represents their virial radii r200, filaments are in coral, and intersections (not used in this work) are in rose. The closest filament point, used for measuring the distance, is surrounded by a green rhombus.



Table 1. 
Distance between each cluster used in this work and its closest filament.

In Fig. 2, we show the distance between our clusters and the closest filament as a function of the X-ray surface brightness. It can be seen that the plot has a sort of triangular shape, with high surface brightness clusters found closer to filaments than the low surface brightness ones. In fact, no gas-rich cluster is found at more than 3 Mpc from filaments. On the other hand, gas-intermediate and gas-poor clusters (black and blue points, respectively) can be found at greater distances from filaments. Gas-rich and gas-intermediate clusters often have distances smaller than half Mpc, whereas gas-poor clusters are rarely found at distance smaller than 2 Mpc.
	[image: thumbnail]	Fig. 2. Distance between our clusters and the nearest filament as a function of their X-ray surface brightness SBX. The figure is colour-coded according to the X-ray surface brightness: high surface brightness clusters are shown with red circles, low surface brightness with blue squares, and intermediate cases with black stars. The farthest object in our sample is highlighted with a blue open square, and it refers to CL1011, a peculiar case that we analyse in detail in Appendix A.



There is also a sort of dichotomy in the cluster population of Fig. 2. In fact, there seems to be a diagonal gap covering all the surface brightness range. We model this possible dichotomy in Appendix B; however, we were unable to find any impact of this possible dichotomy on the global properties of clusters (halo mass, magnitude of the brightest cluster galaxies, magnitude gap, and X-ray temperature).
Finally, we plot in Fig. 3 the cumulative distribution of the distance from filaments for the three classes of objects. The two subsamples of gas-rich and gas-poor systems seem to follow different distributions. In particular, their median values are Dfila, rich = 0.98 Mpc and Dfila, rich = 2.20 Mpc. In Fig. 3, we also report the 25 and 75 percentile uncertainties. However, the Kolmogorov-Smirnov test, with a p-value of 0.35, is unable to reject the null hypothesis stating that the two samples are drawn from the same parent distribution. Using the model introduced in Appendix B, we found that the dependence of the distance from the filament on the cluster brightness is only about 1.5σ significant. Therefore, our evidence remains tentative only and requires a larger sample to be established with larger significance.
	[image: thumbnail]	Fig. 3. Cumulative distribution of the distance to the nearest filament for clusters of large (red solid line), intermediate (black dashed line), and low surface brightness (blue solid line). The horizontal dotted line indicates the median of each distribution, and the limits of the error bars are the 25 and 75 percentile of each distribution.



4. Discussion and conclusions
In this work we have computed the distance between a sample of clusters and the filaments of the cosmic web. We divided our sample into three subsamples according to their X-ray surface brightness, and we mainly focused our attention on the subsamples of high and low surface brightness clusters, with the third subsample being an intermediate case. As mentioned, X-ray surface brightness is tightly related to gas fraction (Andreon et al. 2017b; Ragagnin et al. 2022).
We found that there seems to be a trend in which, on average, gas-poor systems are found at greater distances than gas-rich ones. However the difference is statistically inconclusive, probably due to the small size of the sample since it has eight gas-rich clusters and six gas-poor ones.
The position of clusters within the cosmic web could have an impact on the mechanisms affecting their gas reservoir. The low gas fraction of some of our clusters (Andreon et al. 2017a) and the low values measured by Hadzhiyska et al. (2024) and Bigwood et al. (2024) all indicate that a considerable fraction (up to 50%) of the gas mass can be displaced away from the central regions. Indeed, Bigwood et al. (2024) observations constrained the lack to even larger radii, and Hadzhiyska et al. (2024) observations show that the gas is much more extended than the dark matter. Both studies interpret their results as being influenced by AGN feedback, which, according to Hadzhiyska et al. (2024), is stronger than that observed in the Illustris-TNG cosmological simulation (Nelson et al. 2019) and, as noted by Bigwood et al. (2024), stronger than in most modern simulations. The scatter in the gas fraction and its possible dependence on the cluster position in the cosmic web allow us to speculate that the presence of a filament may in part control the gas flow, as the gas driven at large radii by the AGN could find a stronger resistance from the filament, thus reducing the speed and the distance that can be reached by the gas displaced by the AGN feedback. Furthermore, since the gas is closer to the cluster centre than when there is an absence of a filament, the return would be faster once the AGN feedback is completed. Both effects would make clusters near the spine of filaments more gas rich and clusters further away more gas poor, as our observations seem to suggest. The identification of the mechanisms able to modulate the gas flow from and to large distances, such as the ones proposed above, is crucial for understanding the variety of gas fractions in both the central and non-central regions of galaxy clusters.
Concluding, in this work, we have studied a sample of 29 velocity dispersion-selected clusters classified in X-ray surface brightness classes, which are also gas-fraction classes, with the goal of analysing the large-scale structure around these objects and, in particular, their distance from the nearest filament. We find hints that gas-poor clusters are found, on average, at greater distances from filaments than gas-rich ones, although the small sample size prevents us from drawing definitive conclusions. A larger sample will certainly reduce the statistical uncertainty that is affecting our determination.
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Appendix A:  Caveats on the filament catalogue: The case of CL1011
As mentioned in Sect. 2, the catalogue from Chen et al. (2016) is based on the SDSS DR12 data. These data are homogeneous on a large-scale basis but can suffer for incompleteness due to various caveats (e.g. fibre collisions, presence of bright stars that exclude areas from the spectroscopic follow up) that can lead to an incomplete detection of filaments. For the cluster CL1011, that is the gas-poor cluster with the greatest distance to filaments in our sample, we notice a truncated filament that could become the nearest one, if extended towards the cluster. A possible explanation is that the filament is aligned along the line of sight. In this case, due to the construction of the filament catalogue, we expect the missing part of the filament to be found in one of the contiguous redshift slices. In Fig. A.1 we show the large-scale structure of CL1011, including the filaments in the previous and following redshift slices (in blue and red, respectively), to understand the tridimensional structure of this region. There are two filaments, one in the former and one in the latter slice, but no one is the extension of the truncated filament. Of course, the filament could be missing due to incompleteness in the SDSS spectroscopy or in a caveat in the detection code. However, given the lack of concrete evidence, we must rely on the Chen et al. (2016) catalogue, as we have done throughout the rest of our work.
It is worth noticing, however, that CL1011 is the only cluster in our sample for which we suspect a possible problem in the Chen et al. (2016) catalogue of filament, so we do not think that this issue is affecting the general result. However, it happens to coincide with the system at the greatest distance, the only one outside the triangular shape that we find in Fig. 2. In particular, the distance that we measured for the second most-distant cluster (Dfila = 4.6 Mpc) seems robust.
	[image: thumbnail]	Fig. A.1. Large-scale structure around CL1011. The filaments and intersections in the correct redshift slice are reported in light coral and rose, as in Fig. 1. The green rhombus is the point to which the distance was measured. We also plot the filaments of the preceding (0.085 ≤ z < 0.09, in blue) and succeeding (0.095 ≤ z < 0.10, in red) redshift slices in order to look for filaments along the line of sight (e.g. extensions of filaments across different slices). None were found.




Appendix B:  Modelling of the distance from the filament versus X-ray brightness distribution
We notice that there is a possible dichotomy in the distribution of points of Fig. 2. In fact, there is a sort of diagonal gap in that figure. We therefore fit the whole data with a mixture of two linear regressions with a Student-t scatter (with 10 degrees of freedom) around them. The latter is taken because it is robust to outliers (Andreon & Hurn 2010). We took uniform priors for the probability of belonging to the population with small distance, for the scatters, the intercepts, and the angles (i.e. a Student-t distribution with 1 degree of freedom on the slopes, Andreon & Hurn 2010). We fit all the data, without assuming which points are drawn from which population, and we sample the posterior with a Gibb sampler (JAGS, Plummer 2010). For parameter identifiability, the second population is the one with a greater distance (i.e. with larger intercept, evaluated at 43.0 erg s−1 Mpc−2). Fig. B.1 illustrates that most points quite neatly split in two nearly separated populations (p is ∼0 or ∼1; i.e. yellow or blue) and that the two relations have clearly different intercepts. In other terms, the data can be successfully divided in two unmixed populations. However, we did not find any particular relation characterising the two subsamples in terms of halo mass, the magnitude of the BCG, the magnitude difference between the two brightest members, and the X-ray temperature. Therefore, we conclude that the observed dichotomy, though successfully modelled, either results from the small sample size or is real but has no impact on the features discussed above. The model in which both slopes are set to zero—meaning that the distance from the filament is independent of the cluster brightness—can only be rejected at approximately 1.5σ.
	[image: thumbnail]	Fig. B.1. Distance between our clusters and the nearest filament as a function of their X-ray surface brightness SBX. Points are colour-coded according to probability of belonging to the more distant population. Shading indicates the 68% error on the fit, whereas the dashed corridors indicate ±1 the estimated scatter around the mean relation.
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	Id
	Distance
	Id
	Distance
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	CL1001
	0.98
	CL1067
	2.77



	CL1009
	1.56
	CL1073
	0.24



	CL1011
	6.14
	CL1120
	4.63



	CL1014
	1.03
	CL1132
	0.78



	CL1015
	2.72
	CL1209
	2.34



	CL1018
	0.40
	CL3000
	0.98



	CL1020
	2.22
	CL3009
	3.89



	CL1022
	1.50
	CL3013
	0.49



	CL1030
	2.06
	CL3020
	1.39



	CL1033
	0.67
	CL3023
	0.99



	CL1038
	3.15
	CL3030
	0.98



	CL1039
	0.98
	CL3046
	2.06



	CL1041
	0.82
	CL3049
	3.16



	CL1047
	0.38
	CL3053
	1.73



	CL1052
	3.90
	
	





      

      
Notes. First column: Id of the cluster as in Andreon et al. (2016). Second column: Distance between each cluster and its closest filament.
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        Cumulative distribution of the distance to the nearest filament for clusters of large (red solid line), intermediate (black dashed line), and low surface brightness (blue solid line). The horizontal dotted line indicates the median of each distribution, and the limits of the error bars are the 25 and 75 percentile of each distribution.

      

    

  
    
      Fig. A.1. 
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        Large-scale structure around CL1011. The filaments and intersections in the correct redshift slice are reported in light coral and rose, as in Fig. 1. The green rhombus is the point to which the distance was measured. We also plot the filaments of the preceding (0.085 ≤ z < 0.09, in blue) and succeeding (0.095 ≤ z < 0.10, in red) redshift slices in order to look for filaments along the line of sight (e.g. extensions of filaments across different slices). None were found.

      

    

  
    
      Fig. B.1. 
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        Distance between our clusters and the nearest filament as a function of their X-ray surface brightness SBX. Points are colour-coded according to probability of belonging to the more distant population. Shading indicates the 68% error on the fit, whereas the dashed corridors indicate ±1 the estimated scatter around the mean relation.
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