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Abstract

The question of whether and how the properties of radio galaxies (RGs) are connected with the large-scale environment is still an open issue. For this work we measured the large-scale galaxies’ density around RGs present in the revised Third Cambridge Catalog of radio sources (3CR) with 0.02 < z < 0.3. The goal is to determine whether the accretion mode and morphology of RGs are related to the richness of the environment. We considered RGs at 0.05 < z < 0.3 for a comparison between optical spectroscopic classes, and those within 0.02 < z < 0.1 to study the differences between the radio morphological types. Photometric data from the Panoramic Survey Telescope & Rapid Response System (Pan-STARRS) survey were used to search for “red sequences” within an area of 500 kpc of radius around each RG. We find that (1) RGs span over a large range of local galaxies’ density, from isolated sources to those in rich environments, (2) the richness distributions of the various classes are not statistically different, and (3) the radio luminosity is not connected with the source environment. Our results suggest that the RG properties are independent of the local galaxies density, which is in agreement with some previous analyses, but contrasting with other studies. We discuss the possible origin of this discrepancy. An analysis of a larger sample is needed to put out results on a stronger statistical basis.
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1. Introduction
Studies on active galactic nuclei (AGN) have a major role in astrophysics. Their energetic processes are believed to be fundamental in the evolution of their host galaxy (e.g., Ferrarese & Merritt 2000; Häring & Rix 2004; Vanden Berk et al. 2006) and the general environment they inhabit (e.g., Silverman et al. 2009; Kollatschny et al. 2012). In this context, radio galaxies (RGs) are an ideal laboratory to investigate the link between the activity of the central engine and the large-scale structure in which they live. In particular, it is important to establish whether the properties of RGs, from their radio morphology to their accretion efficiency, are linked to their environment.
Extended extragalactic radio sources can be classified as Fanaroff & Riley (1974) edge-darkened FR I, when they are dominated by emission of two-sided jets, or edge-brightened FR II if they are dominated by two lobes. Although it has been proposed that this dichotomy arises from differences in the properties of the central engine (e.g., Baum et al. 1995; Zirbel & Baum 1995), it might also be connected with their environment (e.g., Gopal-Krishna & Wiita 2001).
In addition to the radio dichotomy, optical studies have discovered different AGN types considering their spectroscopic appearance. Laing et al. (1994), following the original suggestion by Hine & Longair (1979), found that FR IIs can be put into two subclasses. They proposed a separation into high excitation galaxies (HEGs) – which are defined as galaxies with [O III]/Hα > 0.2 and an equivalent width (EW) of [O III] > 3 Å – and low excitation galaxies (LEGs). Tadhunter et al. (1998) found a similar result from an optical spectroscopic study of the 2Jy sample, in which a subclass of weak-line RGs (sources with an EW of [O III]) < 10 Å) stands out due to a low ratio between emission line and radio luminosities as well as in the [O III]/[O II] line ratio. These early results have been confirmed by Buttiglione et al. (2010, 2011) from the study of 3C sources with z < 0.3 and by Capetti et al. (2022) for sources up to z ∼ 0.8. The difference between LEGs and HEGs is ascribed to the intrinsic efficiency of the accretion onto the super massive black hole (SMBH): HEGs are characterized by a high Eddington ratio (i.e., Lacc/LEdd > 0.01) and LEGs by inefficient accretion (Buttiglione et al. 2010). Along this main classification, a further class called broad line objects (BLOs) includes the sources in which the optical spectrum shows broad permitted lines. However, an AGN classification does not always arise from intrinsic differences. In fact, anisotropy effects (e.g., Antonucci 1993; Urry & Padovani 1995) can be fundamental in changing the spectral characteristics of an AGN. Hence, their diversities are often just due to an orientation with respect to our line of sight, rather than a physical phenomenon. For example, the latter class mentioned (i.e., BLOs) has accretion properties and spectral narrow emission lines typical of HEGs where the lack of broad emission lines is ascribed to the presence of a circumnuclear-obscuring torus (Antonucci 1984). Hence, BLOs and HEGs can be considered as being part of the same class of objects, just seen at a different viewing angle.
The study of the environment of various radio-loud AGN is intimately linked to both the morphology and the characteristics of the SMBH activity (such as the accretion rate, radio luminosity, and jet power), which is becoming fundamental in understanding whether or not there is a mutual impact between them (e.g., Gilmour et al. 2007; Ineson et al. 2015). Various studies have already been conducted: all previous works concur with the conclusion that RGs prefer to inhabit large-scale galaxy-rich environments (e.g., Best 2004; Tasse et al. 2008; Massaro et al. 2019) and for this reason they are often associated with galaxy clusters (e.g., McNamara et al. 2005; Giacintucci & Venturi 2009), where they play a significant role in regulating the cooling flow of the intracluster medium (ICM; e.g., Boehringer et al. 1993; Blanton et al. 2003; McNamara & Nulsen 2007, 2012). According to this scenario, RGs could be used as beacons of rich environments and ideal laboratories to test the cosmological scenario through the investigation of their formation and coevolution with the large-scale structure they inhabit (e.g., Bahcall 1972).
However, early results highlighted differences in large-scale properties of FR Is with respect to FR IIs which tend to be found in galaxy-rich and isolated environments, respectively (e.g., Zirbel 1997). A similar result was obtained by Croston et al. (2019) by cross-correlating optical catalogs of groups and clusters with RGs; they found a systematic correlation between the radio morphology of RGs and the richness of their environment, with a preferential pattern for FR I galaxies to inhabit richer environments than FR IIs. This would be in agreement with the scenario in which the morphological dichotomy depends on the density of the surrounding medium, where FR I jets are disrupted by an impact with a large-scale denser ambient (e.g., Jones & Owen 1979; Blanton 2000). Croston et al. (2019) also discovered a correlation between cluster richness and radio luminosity. However, their sample is mostly formed by relatively low-luminosity RGs. Ching et al. (2017) found an analogous relation of galaxies’ density with radio luminosity; they also showed that high-luminosity LEGs lie in a denser environment than HEGs and low-luminosity LEGs. A difference in the environment among the LEGs based on their luminosity and morphology was also found by Capetti et al. (2020): the compact (and low-luminosity) FR 0s are usually found in poor groups, while FR Is more often inhabit clusters of galaxies.
In contrast, Massaro et al. (2019) found that radio sources in the local Universe, independently of both their morphological and optical classification, live in environments with a similar richness and characteristics, although their analysis included only a limited number of HEGs. Similarly, Vardoulaki et al. (2021) have found, by studying sources in the COSMOS field, that different types of environments are covered independently of the radio classification.
In this work we investigate the environment of RGs listed in the Third Cambridge Catalog of radio sources (3CR; Bennett 1962a,b) up to z = 0.3. These criteria predominantly select FR II RGs, as the low-luminosity FR Is are more common at low redshifts (i.e., z < 0.1) and include a larger number of HEGs with respect to the sample studied in Massaro et al. (2019), since HEGs are exclusively FR II galaxies, as mentioned above. This 3CR subsample has radio luminosities spanning over four orders of magnitude, and with an almost complete spectroscopic classification from Buttiglione et al. (2010), allowing us to perform the analysis between various classes. In order to make an environmental comparison between different subclasses, it is important to consider both a morphological and spectroscopic classification. The 3CR sample has all of this information available; moreover, the sky area covered by the 3CR sample is wide enough to include a large number of bright sources, contrary to other larger catalogs.
Our analysis will provide robust statistical results when large-scale environments of both optical spectroscopic classes and morphological types are analyzed and compared. In particular, HEGs and LEGs can be used to investigate whether the level of activity of the SMBH and the large-scale properties are correlated, while FR Is and FR IIs can be employed to search for a correlation between the environment as well as the radio morphology and luminosity. Furthermore, we can also test the prediction of the unified model that postulates that no differences should be found between the environment of HEGs and BLOs. Finally, as several of the works described above were also conducted with a subsample of 3C sources, we can compare our conclusions to the ones found in previous analyses.
We characterized the environment of RGs by studying their color-magnitude diagrams (CMDs) and counting the number of galaxies located in the so-called red sequence (RS). The RS is a tight relation between the color and magnitude of galaxies belonging to a group or cluster of galaxies. It was discovered thanks to an observation of elliptical galaxies (e.g., Visvanathan & Sandage 1977). RSs are observed in galaxy clusters up to z ∼ 2 (e.g., Gobat et al. 2011) and can be exploited in the search for large-scale structures with photometric data. The RS is described by the following three parameters: a zero point, slope, and photometric dispersion. These parameters are different depending on the redshift considered since the properties of the RS vary with the local galaxy density (Valentinuzzi et al. 2011). In particular, the RS dispersion is larger in lower density regions (i.e., in galaxy groups with respect to clusters). At a lower redshift, galaxies’ groups are more abundant than clusters, leading to an increased RS dispersion with respect to more distant regions. However, as shown by Mei et al. (2009), the rest-frame zero point of the RS shows no significant evolution out to redshift z ∼ 1, indicating that the RS was already in place ∼6 billion years ago.
This paper is organized as follows: in Sect. 2 we describe the sample of the selected sources and the available optical observations with the Panoramic Survey Telescope & Rapid Response System (Pan-STARRS; e.g., Chambers et al. 2016)1 and Sloan Digital Sky Survey (SDSS; e.g., Albareti et al. 2017)2. In Sect. 3 we discuss the method we applied to obtain the richness of each RG environment. The results emerging from the comparison of optical and morphological classes are reported and discussed in Sect. 4. A summary is found in Sect. 5 where we also draw our conclusions. We adopted the following set of cosmological parameters: H0 = 69.7 km s−1 Mpc−1 and Ωm = 0.286 (Bennett et al. 2014).
2. The 3CR sample and adopted data
We initially considered the 3CR catalog of Bennett (1962a,b). The original sample comprises 328 radio sources and Spinrad et al. (1985) were able to identify the optical counterpart and redshift of 298 objects among them. Starting from these 298 radio sources, we examined the subsample that formed by 104 RGs at redshift 0.02 < z < 0.3 for which we have the spectroscopic classification from Buttiglione et al. (2009). Their main parameters are listed in Table 1.
Table 1. 
3C sources considered ordered for increasing redshift.

Nine objects and five objects (highlighted in red in Table 1) do not have the optical or morphological classification, respectively, and they are not included in the analysis. Furthermore, poorly represented groups of sources (the single star-forming galaxy 3CR 198 and the three extreme low excitation galaxies 3CR 314.1, 3CR 348, and 3CR 028) are not used in our statistical study. Finally, four sources (in blue in Table 1) are characterized by either a combination of high Galactic absorption (Av > 2 mag) and relatively high redshift, or just a very high absorption (Av > 5 mag). As a result, our analysis could not be performed at the requested level of absolute magnitude (see Sect. 3 for more details) and these sources have also been excluded.
The analysis was performed separately in two redshift ranges: the morphological types (i.e., FR I and FR II) were compared to each other in the 0.02 < z < 0.1 redshift bin, while the optical spectroscopic classes (i.e., HEG, LEG, and BLO) were compared in the 0.05 < z < 0.3 bin. In the former case, the lower redshifts were necessary to include FR I RGs in the sample, but the background contamination is significantly higher (see Sect. 3.2). In addition, the methods used to compare the different classes in the two ranges (also described in Sect. 3.2) are different. Hence, dividing our RGs into different redshift bins is important not only to provide us with a complete uniform sample of sources, but also to allow the same method to be applied to the data consistently.
The final samples include 23 LEGs, 29 HEGs and 16 BLO RGs, and 14 FR Is and 24 FR IIs. In these two subsamples, a total of 14 and six sources, respectively, have been excluded because of the reasons stated above.
3. Method
We used the optical photometric catalog of Pan-STARRS, with its median point spread function (PSF) of 0.94″, which produced images of the whole sky north of −30° declination in five broadband filters (g, r, i, z, and y) over multiple epochs. This allowed us to produce stacked images with an average coverage of ∼8.9 exposures per pixel, reaching apparent magnitude limits of 23.3, 23.2, and 23.1 in the g, r, and i band, respectively.
We searched for the photometric data of all sources inside a circular region with a radius of r = 500 kpc centered on each 3CR object. In addition, four background regions of the same size were chosen at a projected distance of 5 Mpc from each source in the north, south, east, and west directions3. The final backgrounds, used throughout the analysis, have been defined for each RG environment as the average of the four background fields taken into account.
As mentioned in the Introduction, galaxies belonging to the same galaxy group or cluster align along an oblique stripe in the CMD, defining a red sequence. The position of the stripe, its thickness, and inclination depend on the group or cluster redshift and mass density. Our work is based on defining the richness of each 3CR RG environment by measuring the excess of sources included in the RS with respect to the background. We adopted the RS relations found by O’Mill et al. (2019) that are defined in the g − r color calculated with the SDSS filters in the following three redshift bins: z ≤ 0.065, 0.065 < z < 0.1, and 0.1 < z < 0.2.
To apply the results of O’Mill et al. (2019) based on the SDSS filters to the Pan-STARRS photometric system, we calculated the photometric correction to the RS parameters using the coefficients reported in Tonry et al. (2012).
To extend the study to galaxies up to z = 0.3, outside the range covered by the O’Mill et al. (2019) analysis, we extrapolated the RS parameters, calculating the rest-frame magnitudes and colors by applying the K correction from Chilingarian et al. (2010) to our photometric data.
3.1. Comparison of HEG, LEG, and BLO at 0.05 < z < 0.3
For each source in the redshift range 0.05 < z < 0.3, we produced a CMD of the optical sources within a radius of 500 kpc, adopting the aperture magnitude color indexes g − r. Kron photometry was used for an appropriate estimate of the extended sources’ magnitude in the r band. Moreover, we corrected colors for the Galactic reddening using the Fitzpatrick (1999) extinction law.
Figure 1 shows two examples of the CMD. The filter-corrected RS relations extrapolated by O’Mill et al. (2019) are drawn in red in each CMD. In the left panel, we report the case of 3CR 089, where a RS is clearly seen. To further highlight the RS in the diagrams, we also considered (when available, see Table 1) the spectroscopic SDSS data. These data can be exploited to search for companions (i.e., objects at the same redshift) that are marked in the respective CMD. The position of these spectroscopic companions into the RS generally confirms the goodness of the relations of O’Mill et al. (2019). Only one of the companions lies below the lower limit of the RS dispersion, at g − r ∼ 0.25, which is likely a star-forming galaxy. Star-forming galaxies have been revealed by previous studies which highlighted the presence of a blue cloud region in the CMDs (e.g., Eales et al. 2018). In this case, the g − r color index of this particular source in the field of 3CR 089 corresponds to the typical values of late-type galaxies found in the blue clouds of Eales et al. (2018).
	[image: thumbnail]	Fig. 1. Left panel: CMD of the source 3CR 089. The blue dot represents the host of 3C 089; the red dots are the spectroscopic companions identified through SDSS data; the red lines represent the boundaries of the RS from O’Mill et al. (2019); and the green dots are the sources falling inside the RS with absolute magnitude Mr < −17. Right panel: CMD of the source 3CR 063. The RS in this source is less clearly defined.



The right panel instead shows the CMD for 3CR 063 where the RS is not readily visible and no SDSS data are available.
Figure 2 shows the distribution of the relative magnitude of the sources within the RS for 3CR 098 (black histogram) compared to the averaged value in the four background fields (red histogram). In the lower panel, the background was subtracted to estimate the excess of sources for which we report the K-corrected absolute magnitude in the r band.
	[image: thumbnail]	Fig. 2. Upper panel: histogram showing the number of sources in the various magnitude bins falling into the RS (black line) and the number of sources of the corresponding background RS (red line). Lower panel: histogram of the number of sources in the RS after background subtraction. The vertical blue dotted line marks the magnitude limit adopted.



We estimated the excess of sources for each 3CR RG, a parameter directly related to the local galaxies’ density. In order to properly compare the results of sources at different redshifts, we adopted a fixed cut in absolute magnitude. Moreover, the comparison between sources of different redshifts could be done only if we considered the same RS area from which the number of sources was extracted. Hence, the same RS dispersion was adopted.
The results reported in Table 1 refer to a RS dispersion equal to 0.312 (appropriate for the lowest redshift sources) and to a threshold in K-corrected absolute magnitude of Mr = −17. The selected galaxies are ∼3.5 mag fainter than the characteristic luminosity L* of the luminosity function of local early-type galaxies (see, e.g., Bell et al. 2003). The uncertainties on NRS were calculated by adding, in quadrature, the error on the background fields to the Poissonian noise on the source field. In particular, for each source the background error has been defined as the standard deviation of the four background fields considered for that source. The Poissonian statistic on the background does indeed underestimate the error because it does not take any other effects into account, such as cosmological variations or the possibility of including another group or cluster of galaxies by chance in one of our background fields.
3.2. Comparison of FR Is and FR IIs: A different approach at 0.02 < z < 0.1
For the comparison of the environment of the FR Is and FR IIs, we extended the analysis to a lower redshift threshold in order to include a sufficient number of FR I sources. We then considered the 0.02 < z < 0.1 redshift range. However, this has a strong impact on the CMDs because the number of sources included increases dramatically, as shown in Fig. 3, where the CMD of the RG 3CR 338 (at z = 0.0303) is shown. This is due to the fact that the area covered by the 500 kpc radius becomes as large as 20′ for a source at z = 0.02. As a result, also the number of sources in the background fields, effectively setting the uncertainty on the measurement of NRS, increases, compromising our ability to estimate the local galaxies’ density. We then adopted a different approach than the one used to compare sources at a higher redshift in the attempt to reduce the number of spurious sources.
	[image: thumbnail]	Fig. 3. CMD of the source 3C 338. The blue dot represents the RG and the green ones are all the sources falling into the RS relation. The red dots are the spectroscopic members identified with SDSS.



In fact, at these low redshifts, it is possible to separate extended sources (i.e., galaxies) from point-like sources by comparing the PSF (rPSF) and the Kron (rk) magnitudes provided by the Pan-STARRS catalog. The difference in magnitude of stars is rPSF − rk ∼ 04. On the other hand, galaxies have rPSF > rk. Figure 4 shows the distribution of the difference between these two magnitudes, that is, (rPSF − rk) versus rPSF. A branch with rPSF − rk ∼ 0 is readily visible, which formed by the point-like sources5. A large number of sources instead show rPSF > rk and these can be readily separated from the stars down to rPSF ≲ 19. The best separation between the two populations was obtained by adopting rPSF − rk > 0.3. To estimate the excess of sources, we used the same limit in absolute magnitude adopted for the RS, that is, Mr < −17, but considering only extended sources. Figure 5 shows the impact of selecting only the extended sources: the number of sources is drastically reduced and they form a well-defined RS. Similarly, the number of sources in the background fields, selected with the same method, decreases and thus reduces the uncertainty on NRS.
	[image: thumbnail]	Fig. 4. Comparison of the PSF and Kron magnitudes. Their difference is approximately zero for point sources (i.e., stars), while the fluxes of the extended galaxies are under-estimated by the PSF photometry. This creates a sharp separation between them. The two solid lines mark the boundaries of the regions where extended galaxies are located.



	[image: thumbnail]	Fig. 5. CMD of the source 3C 338 but the point-like sources have been removed. The remaining sources are all extended and form a well-defined RS.



Some low redshift sources (in the range 0.02 < z < 0.05) presented a high uncertainty for NRS associated with a significant fluctuation of the background values. We noticed how this effect was systematically attributed to those sources with low Galactic latitudes, due to the large gradient in Galactic sources. For these RGs we considered four background regions all located at the same Galactic latitude.
4. Results
For all RGs we estimated the total number of sources in the RS and we subtracted its respective average of the background fields. We estimated the uncertainty on the source count excess as described in Sect. 3.1.
4.1. Results for optical spectroscopic classes
We started by considering the results for the sources with 0.05 < z < 0.3, comparing the different optical spectroscopic classes. The results are reported in Table 3 and are visualized in the histogram of Fig. 6, where we plotted their richness (i.e., how many sources belong to their RS, NRS) distribution.
	[image: thumbnail]	Fig. 6. Histograms showing the distribution of the number of RS objects for the HEGs and BLOs (left panel) and LEGs (right panel). The insets show an enlargement of the same distributions with a smaller bin size. The magnitude cut used is Mr = −17, while the RS dispersion is 0.312.



Both histograms reveal a variety of environments inhabited by these RGs, from the poorest one with a small excess of objects found in the RS area to the richest ones with more than a hundred sources (i.e., rich galaxy clusters). However, both LEGs and HEGs avoid isolated fields and prefer to be in small groups. We conclude that RGs can be found in both large-scale galaxy-rich environments (i.e., galaxy clusters) and in poorer fields, with no preferential patterns.
We then compared the distributions of NRS of the various classes with a Kolmogorov–Smirnov test. In the case of BLOs and HEGs, the two classes are not statistically different (see Table 3), which is as expected from the UM, although they are within the relatively small number of BLOs. The same result from the comparison of HEG/BLO and LEG types also applies. Furthermore, the values of the median of NRS for the various classes are consistent within errors.
We also tested the suggestion of the presence of a correlation between radio luminosity and NRS. A Spearman rank test indicates that such a connection is not present for our sample as we obtained a probability of correlation < 0.01.
The results presented above are based on the assumption of a specific set of values for the parameters describing the RS, that is, the zero point and dispersion of the RS, and a limit on the absolute magnitude. We then tested whether these values affect our conclusions. We then considered two different limits in absolute magnitude (Mr = −16 and Mr = −18) and varied the dispersion, adopting the different values derived by O’Mill et al. (2019) in turn in the various redshift ranges. Thus, we repeated the same analysis using the other two values for the dispersion and slope listed in Table 2. The environment richness depends on the RS parameters, as well as on the magnitude limit, but the final results are unchanged: the statistical tests on the distributions show no significant difference among the various classes. The adoption of the wider RS dispersion is preferable and gives a better estimate of the local galaxies’ density. This is due to a general increase in the signal-to-noise ratio. The signal-to-noise ratio was calculated as NRS/σ, where σ is the uncertainty associated with NRS.
Table 2. 
RS parameters from O’Mill et al. (2019) listed for increasing redshift bins.

Table 3. 
Results of the statistical tests on NRS distributions for LEGs, HEGs, and BLOs at 0.05 < z < 0.3 and FR Is and FR IIs at 0.02 < z < 0.1.

Finally, although our analysis is aimed at limiting the effects of the different redshift of the sources considered as much as possible, we cannot exclude that some residual effect is still present. However, the redshift distribution of the three classes, shown in Fig. 7, is not statistically different as obtained from the Kolmogorov–Smirnov test and the median values (see Table 4 for a summary of the statistical comparison).
	[image: thumbnail]	Fig. 7. Redshift distributions of LEGs (upper panel), HEGs (middle panel), and BLOs (lower panel) in the redshift range 0.05 < z < 0.3. The statistical tests show that they are not statistically different for the three classes of RGs.



Table 4. 
Results of the statistical tests on the redshift distributions for LEG, HEG, and BLO.

4.2. Results for morphological classes
We here analyze the results obtained from the comparison between FR Is and FR IIs, as visualized in the histograms of Fig. 8 where we report their richness distribution. As for the results obtained for spectroscopic classes, both histograms reveal a variety of environments inhabited by FR Is and FR IIs. We conclude that RGs can be found both in large-scale galaxy-rich environments and in isolated or poor fields, independently of their radio morphological classification. Both the Kolmogorov–Smirnov test and the median values on the FR I and FR II distributions (Table 3) indicate that the two classes are not statistically different. This result is robust against changes in the different RS parameters adopted.
	[image: thumbnail]	Fig. 8. Histograms showing the distribution of NRS for the FR Is (left panel) and FR IIs (right panel). The insets show an enlargement of the same distributions with a smaller bin size. The magnitude cut used is Mr = −17, while the RS dispersion is 0.312.



Similarly to the results obtained for the FR IIs, no correlation between the radio luminosity and NRS is found.
5. Summary and conclusions
The aim of this project was to explore the large-scale environment of RGs. We selected a sample of 104 3CR RGs with 0.02 < z < 0.3, considering both their optical classification into LEGs, HEGs, and BLOs types, and morphological classification into FR Is and FR IIs.
From the Pan-STARRS catalog, we extracted the objects located in a circular area with a radius of r = 500 kpc centered on each source, and we built g − r versus r CMDs. Early-type galaxies belonging to a galaxy group or cluster are expected to lie along a RS in this diagram. The richness of each 3CR source has been defined as the difference between the number of objects falling into the RS area of the source and that in the background, defined as the average of four different regions of the same area at a 5 Mpc distance from the source.
However, for the sources located at the lowest redshifts (i.e., z < 0.05), the stellar contamination in the CMD becomes dominant and it substantially increases the uncertainties on the local galaxies’ density. For these sources the analysis required a further selection of sources, that is, we considered only the extended ones. We exploited Kron and PSF magnitude estimations to identify extended objects (i.e., galaxies) in the fields before the calculation of richness. This method cannot be applied up to z ≳ 0.1, because the angular size of galaxies is not sufficient to provide a clear selection.
We obtained the following results:

	
HEGs’ and BLOs’ richness distributions are not statistically different, which is as expected from the AGN-unified model, that is, HEGs and BLOs are consistent – from the point of view of their environment – with being the same class of objects but just seen at a different inclination angle.



	
The distributions of local galaxies’ density of LEGs as well as HEGs and BLOs (now considered as a single class based on the previous result) are not statistically distinguishable. The same result applies to the comparison of FR Is and FR IIs.



	
The distributions of NRS for HEGs and BLOs as well as LEGs, in addition to for FR Is and FR IIs, span over a wide range of richnesses. Hence, independently of their optical and morphological classification, RGs can be found in relatively poor environments (i.e., small galaxy groups) as well as in rich galaxy clusters. With just a few exceptions among the FR IIs, the distributions also highlight the preference for RGs to avoid being isolated sources.



	
The radio luminosity is not connected with the source environment.




Our main result, that is to say the lack of a connection between the environment and RGs’ properties (both morphological and spectroscopic), is in agreement with the findings of Massaro et al. (2019) and Vardoulaki et al. (2021). However, other works on RG environments had shown different results. Massaro et al. (2019) discuss, in detail, possible reasons for this discrepancy (and others). We followed a similar approach based on the results of our analysis.
The Σ5 parameter, defined as the ratio between the number of sources and the projected area included between the central galaxy and the fifth nearest neighbor, is a widely used parameter to estimate the galaxies density and Ching et al. (2017) found that HEGs are associated with lower values of Σ5 than LEGs. However, Σ5 is a redshift-dependent quantity because faint galaxies at larger distances are undetected. The comparison of the properties of sources at a different redshift may then be inaccurate. Our method, based on redshift-independent quantities such as the galaxies’ absolute magnitude, is not affected by this problem. Furthermore, although Ching et al. (2017) started from a large sample, ∼400 sources, their conclusion is based on a rather small group of high power HEGs.
Gendre et al. (2013) concluded that HEGs are found almost exclusively in low-density environments while LEGs occupy a wider range of densities, apparently in contrast with our conclusions. However, when the comparison between LEGs and HEGs is limited to those with a FR II morphology, they found that the richness of the two classes in indistinguishable, which is in agreement with our findings.
In conclusion, we considered sources over a wide range of redshift. Our analysis limits the effects of the different distances of the sources as much as possible; furthermore, the redshift distributions of the various subclasses are not statistically different from each other. This restricts biases introduced by the analysis of sources at different redshifts.
However, our work considers only a relatively small group of sources and a larger sample should be used to put out results on a stronger statistical basis. Furthermore, we referred only to the local galaxies’ density to characterize the RGs’ environment. Other factors can be important, such as the location of a given source within its group or cluster of galaxies. This effect cannot be studied with our method due to the large contribution of interlopers in the CMDs which prevent the estimate of the location of the group or cluster center and/or the presence of close companions, for example. This requires complete spectroscopic coverage of nearby objects.
Alternatively, a more comprehensive picture of the environment could be obtained by analyzing the gaseous component in the surroundings of RGs. In particular, X-rays probe the hot gas underlying the halo hosting the RGs. Properties of this large-scale gas, such as density and temperature, in correlation with the properties of the RG (i.e., position in the cluster or group, morphology, and accretion rate) can lead to a more comprehensive description of the inter-connection between the AGN activity and the large-scale structure. The forthcoming all sky survey performed by the eROSITA instrument on board of the Spectrum-Roentgen-Gamma mission (Predehl et al. 2021) is the ideal instrument to perform such a study.
In the near future, the Rubin Legacy Survey of Space and Time (Rubin-LSST; Ivezić et al. 2019) will monitor the southern sky for ten years in six filters with unprecedented depth. This will allow us to extend the study of the environmental properties of RGs to high redshifts. According to Kotyla et al. (2016), half of the RGs at z > 1 lie in rich environments, but this is based on a small sample of 21 RGs from 3CR. Using their results and an elliptical galaxy template (Polletta et al. 2007), we infer that Rubin-LSST will have to reach a co-added image depth of about 24 mag in the z band to make the analysis of the clustering properties up to z ∼ 0.5 possible. This will be obtained in the first years of the survey. Instead, a mag of ∼26.5 is needed to go up to z ∼ 2, which is approximately the depth that Rubin-LSST will reach in ten years. Therefore, as the project progresses, we will be able to push the study of the RG environment from the local Universe to cosmological distances.


1 https://outerspace.stsci.edu/display/PANSTARRS/


2 https://www.sdss.org


3 All physical distances were computed at the redshift of the central RG.


4 This difference is not exactly zero for stars, as Kron magnitudes require a correction to convert them into total magnitudes.


5 This branch shows a large spread for high fluxes, due to saturated stars.
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3C sources considered ordered for increasing redshift.
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RS parameters from O’Mill et al. (2019) listed for increasing redshift bins.
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Table 3. 
Results of the statistical tests on NRS distributions for LEGs, HEGs, and BLOs at 0.05 < z < 0.3 and FR Is and FR IIs at 0.02 < z < 0.1.
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Results of the statistical tests on the redshift distributions for LEG, HEG, and BLO.
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	[image: thumbnail]	Fig. 1. Left panel: CMD of the source 3CR 089. The blue dot represents the host of 3C 089; the red dots are the spectroscopic companions identified through SDSS data; the red lines represent the boundaries of the RS from O’Mill et al. (2019); and the green dots are the sources falling inside the RS with absolute magnitude Mr < −17. Right panel: CMD of the source 3CR 063. The RS in this source is less clearly defined.
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	[image: thumbnail]	Fig. 2. Upper panel: histogram showing the number of sources in the various magnitude bins falling into the RS (black line) and the number of sources of the corresponding background RS (red line). Lower panel: histogram of the number of sources in the RS after background subtraction. The vertical blue dotted line marks the magnitude limit adopted.
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	[image: thumbnail]	Fig. 3. CMD of the source 3C 338. The blue dot represents the RG and the green ones are all the sources falling into the RS relation. The red dots are the spectroscopic members identified with SDSS.
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	[image: thumbnail]	Fig. 4. Comparison of the PSF and Kron magnitudes. Their difference is approximately zero for point sources (i.e., stars), while the fluxes of the extended galaxies are under-estimated by the PSF photometry. This creates a sharp separation between them. The two solid lines mark the boundaries of the regions where extended galaxies are located.
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	[image: thumbnail]	Fig. 5. CMD of the source 3C 338 but the point-like sources have been removed. The remaining sources are all extended and form a well-defined RS.
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	[image: thumbnail]	Fig. 6. Histograms showing the distribution of the number of RS objects for the HEGs and BLOs (left panel) and LEGs (right panel). The insets show an enlargement of the same distributions with a smaller bin size. The magnitude cut used is Mr = −17, while the RS dispersion is 0.312.
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	[image: thumbnail]	Fig. 7. Redshift distributions of LEGs (upper panel), HEGs (middle panel), and BLOs (lower panel) in the redshift range 0.05 < z < 0.3. The statistical tests show that they are not statistically different for the three classes of RGs.
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	[image: thumbnail]	Fig. 8. Histograms showing the distribution of NRS for the FR Is (left panel) and FR IIs (right panel). The insets show an enlargement of the same distributions with a smaller bin size. The magnitude cut used is Mr = −17, while the RS dispersion is 0.312.
In the text
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