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Abstract

Aims. We explore galaxies with ringed structures inhabiting poor and rich groups with the aim of assessing the effects of local density environments on ringed galaxy properties.

Methods. We identified galaxies with inner, outer, nuclear, inner+outer (inner and outer rings combined), and partial rings that reside in groups by cross-correlating a sample of ringed galaxies with a group catalog obtained from Sloan Digital Sky Survey (SDSS). The resulting sample was divided based on group richness, with groups having 3 ≤ Nrich ≤ 10 members classified as poor, while groups having 11 ≤ Nrich ≤ 50 were classified as rich. To quantify the effects of rings and the role of local density environment on galaxy properties, we constructed a suitable control sample for each catalog of ringed galaxies in poor and rich groups, consisting of non-ringed galaxies with similar values for the redshift, magnitude, morphology, group masses, and environmental density distributions as those of ringed ones. We explored the occurrence of ringed galaxies in poor and rich groups and analyzed several galaxy properties, such as star formation activity, stellar populations, and colors, with respect to the corresponding comparison samples.

Results. We obtained a sample of 637 ringed galaxies residing in groups. We found that about 76% of these galaxies inhabit poor groups, whereas only about 24% are present in rich groups. Inner rings are prevalent in both rich and poor groups, while nuclear rings are the least common in both groups. Regarding the control sample, about 81% galaxies are found in poor groups and about 19% in rich ones. We find that the percentages of ringed galaxies with bar structures are similar, regardless of whether the group is rich or poor. In addition, ringed galaxies inhabiting groups display a reduction in their star formation activity and aged stellar populations, compared to non-ringed ones in the corresponding control samples. However, the star formation rate is higher for nuclear rings in poor groups than for other types. This disparity may stem from the environmental influence on the internal processes of galaxies, either enhancing or diminishing star formation. Ringed galaxies also show an excess of red colors and tend to populate the green valley and the red sequence of color-magnitude and color-color diagrams, with a surplus of galaxies in the red sequence, while non-ringed galaxies are found in the green valley and the blue region. These trends are more significant in galaxies with ringed structures residing in rich groups. Our findings provide valuable insights into the relationship between ringed structures and their surrounding environments, paving the way for further explorations in this area of study.
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1. Introduction
Galactic rings are elliptical or circular structures formed by gaseous and stellar components that are believed to be directly related to the dynamics of their host spiral galaxies (Kormendy 1979; Díaz-García et al. 2019). About one-fifth of all disk galaxies present a ring pattern and, additionally, one-third have partial rings (also known as pseudo-rings; Buta & Combes 1996).
Ringed galaxies have been classified by several authors and two major classes are generally recognized. Gas accumulation at certain resonances due to the action of gravity torques by galactic bars produces normal resonant rings, which make up the majority of the observable rings in spiral galaxies. The nuclear, inner, and outer rings are associated with the main Lindblad resonances (Buta 2017). Based on visual analysis, resonance ring galaxies have been classified as R(S) by de Vaucouleurs (1959) and as O-type by Few & Madore (1986). On the other hand, a clear relationship exists between the formation rate of rings and galaxy minor interactions (D’Onghia et al. 2008; Tous et al. 2023). Hence, minor mergers produce catastrophic rings and can result in three different types of rings (accretion rings, polar rings, and collisional rings), depending on the mass, gas content of the satellite galaxy, and its orbit around the more massive spiral galaxy (Schweizer et al. 1987; Lynds & Toomre 1976; D’Onghia et al. 2008; Smirnov & Reshetnikov 2022). Furthermore, Helmi et al. (2003) found that the disruption of satellite galaxies in orbits that lie almost in the same plane as the disk leads to the formation of ring-shaped stellar structures. However, numerical simulations have shown that the probability of ring formation during close passages of galaxies is small (Tutukov & Fedorova 2016). This second type was classified as RING by de Vaucouleurs et al. (1976) and as a P-type by Few & Madore (1986; see Elagali et al. 2018; Lamb et al. 1993).
Different observational analysis of the properties of particular ringed galaxies have been made. Gusev & Park (2003) found a typical scenario of star formation activity and colors in the ringed barred galaxy NGC 2336, taking its morphological type into account. Similarly, Grouchy et al. (2010) found that barred and non-barred ringed galaxies exhibit similar star formation rates (SFR) and show no dependence on the presence of a ring structure in the disk. Sil’chenko et al. (2018) studied the star formation in two S0 galaxies with outer rings, NGC 6534 and MCG 11-22-015, finding that the outer gas sources feeding star formation may be a consequence of tidal harassment of the neighbor by NGC 6534 and a minor merger for MCG 11-22-015, whilst the star formation histories in the rings are different. More recently, Fernandez et al. (2021, hereafter F21) presented a statistical analysis of various properties of a sample of face-on ringed galaxies, comparing them to a suitable control sample of non-ringed galaxies. According to their findings, ringed galaxies consistently exhibit a lower efficiency in star formation activity, producing new stars at a slower rate compared to non-ringed ones. Additionally, galaxies with ringed structures show an excess of redder colors and higher metallicity values compared to galaxies without rings.
It is widely known that galaxies in dense environments, such as groups and clusters, exhibit different properties compared to their isolated counterparts (e.g., Dressler 1980; Balogh et al. 2004; Baldry et al. 2006; Skibba & Sheth 2009). There is clear evidence to suggest that the properties of galaxies, such as luminosity, color, and stellar mass, vary substantially with the environment in which they reside (Lietzen et al. 2012; Allington-Smith et al. 1993) whereas other properties, such as structure, are only indirectly correlated with the environment (e.g., Kauffmann et al. 2004; Blanton et al. 2005). For example, one of the most fundamental correlation between the morphological types of galaxies and the environment in the local Universe is called the morphology-density relation (Oemler 1974; Dressler 1980). This relationship shows that star-forming galaxies dominated by disks reside in regions of the Universe with lower density than quiescent elliptical galaxies. On larger scales, which represent the environment of the supercluster-void network, the morphology-density relation was first discovered by Einasto & Einasto (1987). Similarly, in Balogh et al. (2004) analyzed the connection between color, luminosity and environment. They proposed that the rate at which a star-forming galaxy evolves is primarily determined by its intrinsic properties. They also suggested that any environmentally induced transformation from a blue to red color must occur rapidly or at high redshifts.
Regarding the dependence between ringed galaxies and density environment, different studies show contradictory results. In their study of the local morphology-environment relation (z ∼ 0) for bright galaxies, Wilman & Erwin (2012) found no clear dependence between the frequency of inner and outer rings and the local environment. Additionally, Buta et al. (2019) examined the optical morphologies of isolated galaxies in the Analysis of the Interstellar Medium of Isolated Galaxies (AMIGA) sample, finding no correlation between the detection of inner and outer rings or of galactic bars and the parameters associated with their isolation. This finding suggests two possible scenarios. Firstly, it implies that the impact of the environment on the formation of these features in galaxies is minimal. Alternatively, it raises the possibility that the measurement of the isolation parameters exhibits a significant level of variation, making it difficult to differentiate among subtly different environments that may or may not trigger the formation of bars and rings in isolated galaxies. The researchers also considered another explanation for the presence of bars and rings in isolated galaxies. They proposed that these features might have originated from past interactions, which would indicate that these characteristics have been sustained for several Gyr. However, other authors such as Madore (1980), who analyzed a sample of nearby spirals with companion galaxies, found that rings are more common in systems with fewer companions than average. Furthermore, Elmegreen et al. (1992) studied the influence of environment on galaxies with outer and pseudo-rings finding that the fraction of SB0 and SB0/a galaxies with outer rings is less frequent in dense environments, while pseudo-rings increase in abundance with increasing environmental density. The fraction of late-type non-barred galaxies with outer pseudo-rings also decreases with density.
Motivated by these findings and with the purpose of contributing to the knowledge on this topic, our study aims to delve into the impact of dense environments on the characteristics exhibited by ringed galaxies. To this end, we analyze spiral galaxies with and without rings inhabiting poor and rich groups to assess the influence of the environment in altering ringed galaxy properties, such as star formation rate, age of the stellar population, and colors. We use homogeneous and statistically complete catalogs; specifically, we use our sample of ringed galaxies (see F21) and the catalog of groups constructed by Tempel et al. (2017) from the Sloan Digital Sky Survey (SDSS).
This paper is structured as follows. Section 2 describes the database, the process of selecting ringed galaxies within groups, and the occurrence of different types of rings in galaxies within groups. Section 3 presents the criteria utilized for constructing reliable control samples. In Sects. 4 and 5, we analyze the frequency of bars in ringed galaxies and their distribution within groups. Section 6 is focused on examining the characteristics of ringed galaxies in poor and rich groups, with an emphasis on their star formation activity, stellar populations, and color indexes in comparison to non-ringed galaxies. We also investigate the correlation of these traits with group-centric distance and local environmental density. Finally, Sect. 7 provides a summary of the main conclusions drawn from our analysis. The adopted cosmology throughout this paper is Ωm = 0.3, ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1.
2. Ringed galaxies in groups
This work is based on spectroscopic and photometric data from the Sloan Digital Sky Survey Data Release 14 (SDSS-DR14; Abolfathi et al. 2018). DR14 is the second data release of the fourth phase of the SDSS (SDSS-IV, 2014-2020; Blanton et al. 2017), which includes all previous versions. It contains images, optical spectra, infrared spectra, integral field unit spectra, and catalog data, such as parameters measured from images and spectra. For our study, we calculated k-corrections band-shifted to z = 0.1 using the software k-correct_v4.2 by Blanton & Roweis (2007). Furthermore, k-corrected absolute magnitudes were calculated from Petrosian apparent magnitudes converted to the AB system. We make use of the u, g and r-bands in the ugriz system.
In our previous work (F21), we built a catalog of galaxies with ringed structures derived from the SDSS-DR14. This catalog will serve as one of the foundations for our present study. By a detailed visual inspection of SDSS images, we classified 8529 face-on spiral galaxies (selecting objects with axial ratio b/a > 0.5, inclination i < 60° and concentration index value, C1 < 2.8), brighter than g = 16.0 mag and in the redshift range 0.01 < z < 0.1. Based on the different types of ringed structures, we obtained a catalog of 1868 ringed galaxies, representing a fraction of 22% with respect to the full sample of spiral galaxies. The remaining 6661 galaxies were non-ringed.
For this study, we also used the catalog of groups of galaxies from the SDSS, as described by Tempel et al. (2017). This catalog is based on data from the SDSS DR12 (Eisenstein et al. 2011; Alam et al. 2015), where groups and clusters of galaxies were identified using a modified friends-of-friends (FoF) algorithm. The FoF method searches for galaxy pairs that are closer to one another than a given cut-off separation (or neighborhood radius). This algorithm was designed to find number overdensities in spectroscopic galaxy surveys and has also been modified to look for structures in simulated galaxy data sets (for further explanation of the method, see, e.g., Huchra & Geller 1982; Botzler et al. 2004; Tago et al. 2008). Moreover, the FoF group membership is refined by multimodality analysis to find subgroups, where the virial radius of the group and escape velocity are used to expose unbound galaxies (Tempel et al. 2016, 2017). This catalog comprises 88 662 groups with at least two members, of which 6873 systems have at least six members and 498 group mergers with up to six groups. In addition, this is a homogeneous catalog of groups where the primary parameters are independent of distance. As a result, projection effects are a more benign problem in the analysis. To explore the properties of ringed galaxies in group environments in comparison with galaxies without rings, we identified ringed galaxies that reside in rich and poor groups by cross-correlating the total ringed and non-ringed samples with galaxies in the group catalog described previously.
Several authors (Smith et al. 2022; Lacerna et al. 2022; Gozaliasl et al. 2018; van der Burg et al. 2017) agree that for a system to fall into the group category, its halo masses must oscillate in a range of 13 < Log(M200/Msun) < 14.5. Li et al. (2019) used the relationship between the richness (Nrich) and virial mass (M200) as a reference for the division of the sample of the poor and rich groups, finding that galaxy systems with halo masses between 13 < Log(M200/Msun) < 14.5 are found to have a richness ranging from 3 to 50. Following the method of Li et al. (2019) to empirically define galaxy systems with 3 ≤ Nrich ≤ 10 as poor groups and those with 11 ≤ Nrich ≤ 50 as rich groups, we divided the sample of ringed galaxies inhabiting poor and rich groups into two subsamples according to their richness in the same way.
As a result of the previously mentioned process, we obtained a total sample of 637 ringed galaxies in groups. This value represents a fraction of 34.1% with respect to the full sample of 1868 ringed galaxies. In addition, from the total sample of 637 ringed galaxies in high-density environments, ≈76% are located in poor groups, while only ≈24% of these galaxies reside in rich groups, as can be observed in Table 1.
Table 1. 
Numbers and percentages (and their standard errors) of ringed and control galaxies in poor (3 ≤ Nrich ≤ 10) and rich groups (11 ≤ Nrich ≤ 50).

Furthermore, we conducted an analysis of different types of ringed structures, including inner, outer, and inner+outer (cases in which the inner and outer rings coexist within the same galaxy are treated as a special class and do not contribute to other categories of individual rings, such as inner rings or outer rings), as well as nuclear and partial rings, to investigate their frequency in spiral galaxies as a function of local environments, taking into account poor and rich groups. Figure 1 shows typical examples of outer ring galaxies in poor and rich groups selected from our sample.
	[image: thumbnail]	Fig. 1. Typical examples of ringed galaxies in poor (left) and rich (right) groups are shown. In the right area of this figure, we present the zoomed images of outer ring galaxies in these groups. The red star represents the position of the group center. In all images, north is up and east is left.



It is necessary to emphasize that one of the features where resolution is important is in the detection of nuclear rings. In our study, the majority of nuclear rings are located within ≈2.2 kpc in radius. If any of the nuclear rings exceeded this limit, we followed an approach similar to that of Comerón et al. (2010), which considered nuclear rings with radii above 2.0 kpc only if they were located within a bar or in unbarred galaxies that had inner, outer, and nuclear rings. In this manner, we aimed to mitigate any potential bias that these specific rings might introduce into the findings of our research.
In Table 2, we display numbers and percentages of galaxies with different ring types found in poor and rich groups, revealing that ≈47% of the ringed galaxies in group environments present inner rings, making them the most common type of ring in both rich and poor groups. In contrast, nuclear rings are the least frequent in both group samples. However, both types of rings do not show significant differences depending on the environment within the errors considered. Additionally, we can clearly observe that partial rings are more frequent in poor groups than in rich ones. The result that the occurrence of partial rings in ringed galaxies decreases as with increasing environmental density suggests that these features are not a result of tidal interactions with neighboring galaxies, but instead may be originated from internal processes within the galaxy and are later affected by the presence of tidal forces (Buta & Combes 1996).
Table 2. 
Numbers and percentages (and their standard errors) of galaxies with different types of rings in poor (3 ≤ Nrich ≤ 10), rich (11 ≤ Nrich ≤ 50), and all groups.

On the other hand, the fraction of galaxies with outer rings increases with group richness (> 3σ following Gaussian error propagation), contrasting the prevailing expectation that galaxies in poor groups are more likely to facilitate the maintenance of outer rings compared to galaxies in rich groups. Some studies in the literature have suggested that any significant tidal interaction with another galaxy could distort or destroy the outer ring (Elmegreen et al. 1992).
3. Control samples
To examine the impact of group environments on ringed galaxies and gain insights into their behavior and properties, we obtained a control sample (CS) for ringed galaxies in poor and rich groups, respectively, composed of galaxies without ringed structures. Following the study of Perez et al. (2009), who showed that in order to obtain a suitable control sample, the redshift, morphology, magnitude, and local density environment must match.
We began by selecting galaxies without rings that resided in groups but exhibited parameters similar to those of the overall sample of galaxies with rings in groups. To achieve this, we used a Monte Carlo algorithm to match the redshift and r-band absolute magnitude (Mr) distributions of ringed and non-ringed galaxies in groups. We also selected galaxies without rings with concentration indices, C, similar to ringed galaxies to obtain a comparable bulge-to-disk ratio. By doing so, any difference in the results will be driven by the presence of rings and not by discrepancies associated with galaxy morphology.
In addition, we selected non-ringed galaxies in groups with a Log(M200/Msun) distribution similar to that of the ringed ones. The group virial mass used for membership refinement by Tempel et al. (2017) was estimated by assuming a Navarro–Frenk–White (NFW) density profile, velocity dispersion, and group extent on the sky, given by [image: equation].
For the control sample, we also selected non-ringed galaxies with similar distribution of the density parameter as the ringed sample. To achieve this, we used the density parameter Den1, calculated from the SDSS r-band luminosities, where different smoothing scales with varying lengths (1, 2, 4, and 8 h−1 Mpc) indicate different environments (see Sect. 4 in Tempel et al. 2012). The smaller smoothing lengths represent group scales, while the larger smoothing lengths correspond to cluster and supercluster environments. In this study, we adopted the normalized environmental density of ringed galaxies in the group, using a smoothing scale of a = 1 h−1 Mpc as a local density estimator for the galaxies. This further confirms that the local density environment is comparable for both ringed and non-ringed galaxies.
Subsequently, the obtained sample of galaxies without rings was divided into poor and rich groups, resulting in 514 (81%) non-ringed galaxies in poor groups and 123 (19%) in rich groups, as depicted in the lower columns of Table 1. These sub-samples serve as control samples for ringed galaxies in both poor and rich groups (see panels a, b, c, d, and e in Fig. 2). In order to confirm this, we conducted the Kolmogorov-Smirnov (KS) test between ringed galaxies in rich and poor groups and their corresponding control samples. The obtained p-value was p > 0.05, supporting the null hypothesis. Therefore, we rely that our study will not be biased by differences in the main properties of the ringed galaxies and the corresponding control samples.
	[image: thumbnail]	Fig. 2. Normalized distributions of (a) redshift, (b) r-band absolute magnitude, (c) concentration parameter, (d) group mass, and (e) galaxy environmental density, for ringed galaxies in poor and rich groups (dot-dash blue and dotted magenta lines, respectively) and their corresponding control samples (shaded histograms).



Regarding the percentages of galaxies with rings in poor and rich groups, it has been observed that these are slightly different (∼5σ within the considered errors) from those in the control samples. Furthermore, while these findings suggest a trend toward a higher presence of ringed galaxies in poor groups, caution must be exercised in making definitive claims about the role the environment plays in their occurrence. Other potential factors related to the presence of rings in galaxies should also be taken into consideration.
4. Bar frequency and distribution of ringed galaxies within groups
An important aspect in the investigation of ringed galaxies is the relationship between the presence of rings and the existence of bars within these systems. Numerous studies have explored the connection between ringed galaxies and barred structures. Comerón et al. (2014) use mid-infrared observations to analyze the shape and orientation of rings and bars in galaxies from the S4G (Spitzer Survey of Stellar Structure in Galaxies). This comprehensive study led to the creation of ARRAKIS (Atlas of Resonance Rings as Known in the S4G), an atlas focused on resonant rings in representative galaxies within the local Universe. Their statistical analysis revealed that barred galaxies tend to exhibit a higher frequency of outer rings (1.7 times more) and inner rings (1.3 times more) when compared to non-barred galaxies. However, their results suggest that rings may exist independently of bars and that the possible mechanisms for ring formation in non-barred galaxies include the presence of weak ovals and long-lived spiral modes. Additionally, they concluded that it is plausible that some rings may be formed by bars that are no longer present.
Several authors have also studied the role of the environment in the occurrence of bars (e.g., Skibba et al. 2012; Corsini et al. 2013; Alonso et al. 2014). Some studies have concluded that the environment does not play a significant role in the occurrence of bars, which are largely determined by the internal processes of the host galaxy, while others have inferred that bar frequency is likely influenced by the environment of the galaxy (Aguerri et al. 2009; Li et al. 2009; Lee et al. 2012; Skibba et al. 2012; Sarkar et al. 2021).
Since our sample of ringed galaxies was derived from the dataset compiled by F21, which not only required us to identify rings, but also to conduct a visual examination of galaxies to determine the presence or absence of bars. Thus, we decided to analyze the fraction of ringed galaxies with and without bars within rich and poor groups. From our sample we calculated numbers and percentages of barred ringed galaxies in group environments, finding that 302 (≈62%) of the ringed galaxies in poor groups are barred, and 185 (≈38%) do not present a barred structure, while in rich groups 92 (≈61%) are barred and 58 (≈39%) unbarred. It is observed that ≈37% of galaxies with inner rings present a bar. Moreover, about 13% of galaxies featuring both outer and inner rings exhibit bars, while in galaxies with partial rings, bars are present in approximately 11%. Remarkably, only 1% and 0% of the galaxies with outer and nuclear rings, respectively, display bar structures. We notice that for the different samples of ringed galaxies within groups, the percentages of barred galaxies are similar, regardless of whether the group is poor or rich (see Table 3).
Table 3. 
Number and percentages of galaxies exhibiting different ring types with barred and unbarred structures (regarding the total number of ringed galaxies within poor, rich, and all groups, respectively).

In addition, we also studied the fraction of barred galaxies in the control samples. The results revealed that ≈24% of the control galaxies in rich groups and ≈19% of the control galaxies in poor groups exhibit bars. When contrasting these findings with the fraction of observed bars in ringed galaxies, a clear relationship between the presence of rings and the existence of bars in galaxies becomes evident. In both rich and poor groups, barred galaxies are prevalent among ringed galaxies, while non-barred galaxies dominate among those without rings. These findings may be suggesting that the group environment is not the primary factor influencing the presence of bars in galaxies and that the formation of rings might be more closely related to internal processes within the galaxies, rather than being strongly influenced by the group environment (Wilman & Erwin 2012; Buta et al. 2019).
5. Ringed galaxy distribution in groups.
In a well-virialized and evolved cluster, the core presents an extreme density environment where particular physical mechanisms modify the morphology and galaxy evolution. In addition, the merging process tends to bring the most luminous galaxies closer to the central region (Robotham et al. 2010). As a result, several galaxies with signs of interactions are more concentrated towards the group centers (e.g., Ellison et al. 2010; Alonso et al. 2004, 2012). In this direction, the analysis of the fraction of ringed galaxies in denser regions of the group core, as compared to the outer zone of lower density, may provide clues about the relative effects of physical mechanisms driving the formation and evolution of galactic rings. Therefore, an interesting point is knowing if ringed galaxies have a particular location in poor and rich groups with respect to their corresponding control samples.
Assuming a NFW profile, Tempel et al. (2017) estimated the group virial radius, R200, as the radius of a sphere where the mean matter density is 200 times higher than the mean of the Universe. However, under the virialization assumption, some model dependent parameter, such as virial radius, are uncertain for groups with less than five members (Li et al. 2019; Tempel et al. 2017). To avoid bias in our analysis, we excluded groups with less than 5 members from our catalogs of poor groups, both in the ringed and control samples. After removing these groups, we were left with 191 poor groups containing ringed galaxies and 205 groups in the corresponding control sample. These groups were utilized in the analysis of properties, when it was deemed necessary. To address the impact of the removed groups on the distributions shown in Fig. 2, we conducted additional analyses to examine whether their exclusion influenced the overall results. Our analysis revealed that the exclusion of these galaxies did not significantly alter the overall patterns observed in the distributions.
We studied the distribution of the normalized projected distance to the group center, dCG/R200, for ringed galaxies in both rich and poor groups, along with the control samples. The results unveiled that ringed galaxies did not manifest a preferential location within the groups as compared to their non-ringed counterparts. Both categories exhibited analogous behavior, a pattern substantiated by the values of the K-S test, which indicated that the distributions remained comparable across all the considered scenarios.
6. Ringed galaxy properties
The aim of this section is to explore the effects of group environments on the features of host galaxies with ringed structures. To accomplish this, we analyze several properties, such as the star formation activity, stellar populations, and colors of ringed galaxies. We compared these properties in poor and rich groups to suitable control samples that have been described previously.
6.1. Star formation activity and stellar population
In order to assess the impact of environment on star formation and the stellar age populations of ringed galaxies inhabiting poor and rich groups, we used the specific star formation rate parameter, Log(SFR/M*), as a suitable indicator of the star formation activity in our analysis. This parameter is estimated as a function of the Hα line luminosity and is normalized using stellar masses. The stellar masses included in this analysis were obtained by the Max Planck Institute for Astrophysics/Johns Hopkins University (MPA/JHU) team through photometry fits and exhibit minor discrepancies compared to those derived by Kauffmann et al. (2003) and Gallazzi et al. (2005) using spectral indices, with the differences being negligible. In addition, the star formation rates (SFR) were obtained from the MPA/JHU catalogue, which were calculated based on the methods of Brinchmann et al. (2004). The SFR estimation for star-forming galaxies follows the Charlot & Longhetti (2001) model, while for other galaxy classes, such as AGN, composite, and low signal-to-noise (S/N) galaxies, we employed a similar methodology to that in Brinchmann et al. (2004). Nevertheless, certain modifications have been implemented. Aperture corrections for SFRs are conducted by fitting stochastic models to the photometry of galaxies outer regions, thereby addressing biases observed in prior studies.
We also incorporated the spectral index Dn(4000) (Kauffmann et al. 2003), which estimates the age of stellar populations and is calculated from the spectral discontinuity occurring at 4000 @@@, resulting from an accumulation of numerous spectral lines in a narrow region of the spectrum that is particularly important in old stars. In this analysis, we used the Dn(4000) definition obtained by Balogh et al. (1999), as the ratio of the average flux densities in the narrow continuum bands (3850–3950 Å and 4000–4100 Å). This allows us to better determine the ages of stellar populations under investigation.
Figure 3 shows the Log(SFR/M*) and Dn(4000) as a function of stellar masses of the galaxies with ringed structures in poor and rich groups, including the control samples. It can be observed that the distribution of ringed galaxies shows a trend towards lower star formation activities and higher stellar ages values. This trend is more significant for ringed galaxies inhabiting rich groups than those residing in poor groups. In contrast, the control samples of galaxies without ringed structures display a more scattered distribution, showing more efficient star formation activity and a younger stellar population. Additionally, the figure presents the normalized distributions of Log(SFR/M*) and Dn(4000) for the different samples, which account for the observed behavior. The difference between these distributions was also quantified by the Kolmogorov-Smirnov statistics (with a confidence of 99.8%). Furthermore, the stellar mass distributions for ringed and control samples in poor and rich groups are presented at the top of the figure, revealing similar trends, also supported by the KS test.
	[image: thumbnail]	Fig. 3. Log(SFR/M*) and Dn(4000) as a function of stellar masses. Left panels: ringed galaxies in poor groups (represented by blue contours) and their corresponding control sample (represented by gray contours). The side panels show the normalized distributions for each sample. Top-most panel displays the normalized stellar mass distribution for the aforementioned samples. Right panels: same for ringed and non-ringed galaxies in rich groups (represented by magenta and gray contours, respectively).



We can also observe that the value located near Log(SFR/M*) ≈ −10.6 divides the distributions into two populations. Similarly, the galaxies in our samples show a bimodality in the stellar population around Dn(4000)≈1.5. Both of these values represent the average of the medians obtained from each of the control samples. Table 4 quantifies the percentages of galaxies with low star-formation activity and an old stellar population in our samples, using these limits as reference. We considered the standard error, computed as the standard deviation of the sampling distribution of our variables. This finding suggests that in group environments, ringed galaxies exhibit lower star formation activity and aging of the stellar populations compared to galaxies without rings in the control sample. This trend is more significant in rich groups.
Table 4. 
Percentages of ringed galaxies and the control sample (CS) in rich and poor groups with low star formation activity and old stellar populations, along with their corresponding standard errors.

In addition, Fig. 4 displays the relationship between Log(SFR/M*) and Dn(4000) with respect to the C parameter for both ringed and non-ringed galaxies in rich and poor groups. Errors were estimated using the Bootstrap method in both this figure and the subsequent ones. Each iteration of the Bootstrap creates a bootstrap sample by randomly selecting galaxies from the original data with a replacement and obtaining estimates for parameters, such as the mean and standard errors (Barrow et al. 1984). We observed that earlier morphological types (higher C values) exhibit low star formation efficiency and old stellar populations. Additionally, the figure reveals that the presence of ringed structures in galaxies leads to decreased star formation activity and aged stellar populations compared to galaxies without rings in the corresponding control samples. This effect is particularly noticeable in the galaxy samples associated with rich groups across all morphological types.
	[image: thumbnail]	Fig. 4. Mean values of Log(SFR/M*) and Dn(4000) as a function of the concentration parameter, C, for ringed galaxies in poor groups (dot-dash blue lines), rich groups (dotted magenta lines), and their corresponding control samples (long-dash black lines).



In order to provide a more comprehensive analysis of the different types of rings and their implications for the observed trends, we examined the normalized distributions of Log(SFR/M*) for galaxies displaying different ring types in both poor and rich groups in Fig. 5. We compared these distributions with their respective control samples. It is evident that, in general, galaxies with different ring types in group environments exhibit lower levels of star formation activity compared to galaxies without ringed structures. This trend is particularly pronounced for galaxies with outer, inner + outer, and partial rings in rich groups. In contrast, spiral galaxies with nuclear ring structures display values of Log(SFR/M*) similar to those of the control galaxies, indicating comparatively higher levels of star formation. This trend becomes more pronounced in poor groups. Furthermore, in a similar vein, Fig. 6 shows that ringed galaxies present older stellar populations compared to their control counterparts, irrespective of the ring type and the poor/rich group environment. Nevertheless, galaxies with inner and outer rings exhibit the highest Dn(4000) values with a pronounced signal toward older stellar populations. On the other hand, galaxies hosting nuclear rings demonstrate a younger stellar population (lower Dn(4000) values), similar to that of the control sample, especially in poor groups. Moreover, in all panels of Figs. 5 and 6, we measured the disparities of Log(SFR/M*) and Dn(4000) between the distributions of ringed galaxies with different types of rings and their respective control samples in the poor and rich groups. The significance level achieved for these comparisons is 99.99%, as determined by the KS statistics. The resulting D and p-values from the KS test reveal statistically significant differences between the distributions for most cases.
	[image: thumbnail]	Fig. 5. Log(SFR/M*) normalized distributions of galaxies exhibiting different ring types (nuclear, inner, outer, inner+outer and partial) in poor and rich groups (upper and lower panels, respectively).



	[image: thumbnail]	Fig. 6. Dn(4000) normalized distributions of galaxies exhibiting different types of rings (nuclear, inner, outer, inner+outer and partial) in poor and rich groups (upper and lower panels, respectively).



The significant difference between nuclear rings and other classes of rings in terms of SFR and Dn(4000) mainly lies in the fact that nuclear rings are usually sites of star formation (Buta & Combes 1996; Knapen 2005; Comerón et al. 2010), often dominating the entire star formation activity of their host galaxies. Furthermore, observations of nearby galaxies have demonstrated that the environments of nuclear rings can host large populations of young massive star clusters (Mazzuca et al. 2008; Ma et al. 2018). In addition, the SFR in nuclear rings is affected by many factors, such as the strength of non-axisymmetric perturbations in galaxies, the inflow rate of gas, and the strength of the magnetic field (Yang et al. 2022; Seo & Kim 2013; Seo et al. 2019). For example, star formation rates appear to be lower in galaxies with nuclear rings and strong magnetic fields, as in those with strong bars (Tabatabaei et al. 2018; Ma et al. 2018).
F21 demonstrated that the existence of a ringed structure was correlated with a reduction in star formation activity. In particular, our analysis of star formation in ringed galaxies located in group environments shows similar results to those found in F21, further reinforcing these trends. Consequently, the outcomes of this research reveal that, on a global scale, ringed galaxies in denser environments experience a decrease in their star formation rate. In denser environments, it is plausible that more massive galaxies tend to have lower star formation rates because they are more likely to deplete their gas reservoirs through frequent interactions with other galaxies. On the other hand, in less dense environments such as poor groups, more massive galaxies may maintain higher star formation rates for a longer period due to a lower frequency of interactions that deplete their gas. However, when analyzing galaxies with specific type of rings, we find that environment may affect in a different way each ring category, which could be influencing the star formation activity. For nuclear rings, it is possible that galaxies are undergoing certain internal processes that favor gas inflow toward the nucleus, thereby increasing their star formation rate. In contrast, galaxies with outer and partial rings may be experiencing gas-depleting processes, leading to a decrease in star formation. Although some studies have shown that the star formation rate in outer rings appears to be low (Kostiuk & Sil’chenko 2016; Katkov et al. 2022), this effect seems to be further accentuated by the environment.
6.2. Galaxy colors
Galaxy colors have a clear relation with the dominant stellar populations and morphology and, therefore, with star formation, gas content, and environment as well (Feldmann et al. 2017; Pandey & Sarkar 2020). In this context, a connection with the presence of ringed structures in disk galaxies is also plausible. Then, in order to characterize the colors of ringed galaxies in group environments, in this section, we analyze the galaxy colors in both samples with and without rings that inhabit rich and poor groups.
In Fig. 7, the color-magnitude diagram (Mu − Mr versus Mr) of these galaxies is shown, for ringed galaxies in rich groups and in poor groups. The corresponding control samples are also included. It can be observed that ringed galaxies are mostly found between the green valley and the red sequence, with an excess of them in the red sequence, especially those in rich groups, while galaxies in the control samples tend to be located in the region of the green valley and the blue cloud. The discrepancy between these distributions was also assessed using the Kolmogorov-Smirnov statistics, with a confidence level of 99.8%. In contrast, the Mr distributions for both ringed and control samples within the poor and rich groups exhibit comparable patterns (see the top panels of Fig. 7). Moreover, we can observe that the value Mu − Mr ≈ 2.2 approximately separates the two peaks of each color distribution, in agreement with Strateva et al. (2001). This threshold can be considered to divide the blue and red galaxy populations. This limit is reflected in Mg − Mr ≈ 0.84, and also represents the median value of the distribution of galaxies in the control samples. In this direction, with the aim of quantifying this tendency, we considered the excess of red color indexes (Mu − Mr > 2.2 and Mg − Mr > 0.84) of ringed galaxies in rich and poor groups with respect to the non-ringed objects in the respective control samples (see Table 5). In addition, the lower panels of the Fig. 7 show color-color diagrams for ringed galaxies in poor and rich groups and galaxies in the control samples. It is evident that there is a considerable surplus of ringed galaxies with red colors compared to non-ringed galaxies in the control samples. This trend is particularly pronounced among galaxies with ring structures inhabiting rich groups, which have redder colors, indicating older and less active populations. The trend is also present among ringed galaxies in poor groups, although it is less pronounced. Conversely, galaxies in the control samples show a slightly higher proportion of blue colors than the other samples.
	[image: thumbnail]	Fig. 7. Color-magnitude and color-color diagrams for ringed galaxies in groups are displayed. Upper panels: color-magnitude diagrams for ringed galaxies in poor and rich groups (represented by blue and magenta contours, respectively), and their corresponding control samples (represented by gray contours). The vertical panels show the Mu − Mr normalized distributions for each sample. Top-most panels depict the normalized Mr distributions for the same galaxy samples. Lower panels: color-color diagrams for ringed galaxies in poor groups (blue outlines), in rich groups (magenta outlines) and galaxies in their respective control samples (gray surface outlines). The vertical panels show the Mg − Mr normalized distributions for each sample.



Table 5. 
Percentages of ringed galaxies and the control sample (CS) in rich and poor groups with red colors, and their standard errors.

Furthermore, Fig. 8 shows the correlation between the mean color indices, Mu − Mr and Mg − Mr, relative to the host group masses for ringed galaxies found in both poor and rich groups. The results for the control samples are also displayed (represented by dashed lines). It is evident that the number of redder galaxies increases towards higher group masses. Furthermore, galaxies with ringed structures consistently exhibit redder colors compared to galaxies without rings in their respective control samples. Additionally, galaxies located within rich groups with Log(M200/Msun) > 13.8 display highly reddened populations, and this trend is particularly evident among those with ringed structures.
	[image: thumbnail]	Fig. 8. Mean values of (Mu − Mr) and (Mg − Mr) as a function of the group masses, for ringed galaxies in poor groups (dot-dash blue lines), rich groups (dotted magenta lines) and their corresponding control samples (long-dash black lines).



In Fig. 9, we display a detailed analysis of the impact of the different ring types on the observed galaxy color trends, for galaxies in poor and rich group environments. We present the Mu − Mr distributions of galaxies exhibiting different ring types in poor and rich groups, as compared with their respective control sample. It is evident that galaxies with different ring types, located within poor and rich groups, display redder colors compared to galaxies without ringed structures. This trend is particularly significant in galaxies with inner, outer, and inner + outer rings in rich groups. However, spirals hosting nuclear ring structures in poor groups exhibit bluer populations similar to those of their respective control samples. Additionally, the comparisons of the Mu − Mr distributions from all panels of the Fig. 9 between the ringed galaxies with different types of rings and their corresponding control samples have yielded a significance level of 99.99% through the application of KS statistics.
	[image: thumbnail]	Fig. 9. (Mu − Mr) normalized distributions of galaxies exhibiting different types of rings (nuclear, inner, outer, inner+outer and partial) in poor and rich groups (upper and lower panels, respectively).



In our previous study (F21), we reported that ringed galaxies exhibit significant differences in their properties compared to non-ringed ones. Particularly, we found that there is an excess of ringed galaxies with red colors and that these effects are more pronounced for ringed galaxies that have inner rings and bars with respect to their counterparts that have some other types of rings and are non-barred. Furthermore, the color-magnitude and color-color diagrams show that ringed galaxies are mostly concentrated in the red region, while non-ringed spiral objects are more extended to the blue zone. These results extend to ringed galaxies residing in both rich and poor groups, suggesting that a ring may be a part of a process that contributes to the consumption of gas in the disk, leading to suppressed star formation activity and also resulting in the aging and reddening of the stellar population. Furthermore, common processes found in higher density environments, such as ram pressure stripping, evaporation, and tidal interactions that remove gas from disks (Hashimoto et al. 1998), can accelerate gas consumption in ringed galaxies residing in groups. The accelerated consumption of gas in the rings of galaxies due to interactions with the environment can affect the color of galaxies by decreasing star formation, aging and reddening the existing stellar population.
Our results are slightly different from those of Kelvin et al. (2018), who visually classified a sample of galaxies in the local universe (z < 0.06), with stellar masses in the range of 10.25 < Log(M*/Msun) < 10.75, and examined variations in galaxy structure depending on morphology and galaxy color. They found an excess of ringed galaxies in the green valley, compared to the red sequence and the blue cloud. On the other hand, authors like Holwerda et al. (2022) investigated the clustering of a galaxy sample by mapping the feature space of the Galaxy and Mass Assembly (GAMA) sample onto a self-organizing map. They adopted the same color criterion as Kelvin et al. (2018) to define the green valley (see Kelvin et al. 2018; Bremer et al. 2018, for further details), but considered a wider mass range. These authors found that the green valley is populated by several interstitial sub-populations of galaxies, consisting of both elliptical and spiral galaxies. Furthermore, the multiple populations of the green valley, interspersed between the red and blue populations on the self-organizing map, support the idea that the green valley galaxy population is an intermediate population that does not necessarily represent a single population transitioning from one space to another; rather, it would occupy a niche between the main galaxy populations (Holwerda et al. 2022). When the authors of Holwerda et al. (2022) constrained their analysis to the mass range used by Kelvin et al. (2018) and Bremer et al. (2018), they realized that their sample was significantly reduced to red galaxies. In a similar way, we tested by restricting ourselves to this mass range and color cuts (see Kelvin et al. 2018), which resulted in a significant decrease in galaxies, leaving us with almost no galaxies in the blue cloud. Considering this point, we believe that any differences between our results and those of Kelvin et al. (2018) could be primarily attributed to the different criteria used, such as mass ranges, color thresholds used to define each region, and the inclusion of elliptical galaxies in their statistics, which are not considered in this work.
6.3. Dependence on the group-centric distance and environmental density
In this section, we explore the relationship between star formation activity, color, and age of stellar population in relation to group-centric distance and environmental density, to enhance our understanding of how different features of ringed galaxies behave in group environments. It has been well established that the central regions of galaxy groups and clusters are dominated by galaxies with redder colors compared to those in the outer regions (Rodríguez-Martín et al. 2022; Mercurio et al. 2021).
Figure 10 displays the mean Log(SFR/M*), Dn(4000) and Mu − Mr plotted against the normalized group-centric distance, dCG/R200, for both ringed and non-ringed galaxies in poor and rich groups. We can observe that ringed galaxies have lower star formation activity, older stellar populations, and redder colors compared to their non-ringed counterparts in the control samples across all distances from the group center. This trend is more evident in ringed galaxies located in poor groups; however, interestingly, in rich groups, their distribution over the entire range of distances to the group center appears relatively constant, suggesting that the variation of these properties are independent regardless of their position within rich groups.
	[image: thumbnail]	Fig. 10. Mean values of Log(SFR/M*), Dn(4000) and (Mu − Mr) as a function of the normalized group-centric distance, dCG/R200, in poor groups (dot-dash blue lines), rich groups (dotted magenta lines), and their respective control samples (long-dash black lines).



In addition, we analyzed the mean values of Log(SFR/M*), Dn(4000), and Mu − Mr with respect to the environmental density (Den1) of galaxies with rings in poor and rich groups, as well as their respective control samples (see Fig. 11). It may be noticed that as the environmental density increases, galaxies exhibit a decrement in their star formation activity, along with an increment in the age of the stellar population and a shift towards redder colors. Moreover, ringed galaxies in both poor and rich groups display less efficient star formation activity compared to galaxies without rings in their respective control samples, across all environmental density ranges. Additionally, across the entire Den1 range, galaxies with ringed structures residing in poor and rich groups tend to present an older and more reddish stellar population compared to their corresponding control samples.
	[image: thumbnail]	Fig. 11. Mean values of Log(SFR/M*), Dn(4000) and (Mu − Mr) as a function of the galaxy environmental density in poor groups (dot-dash blue lines), rich groups (dotted magenta lines), and their respective control samples (long-dash black lines).



In this context, the lower star formation activity, older stellar populations, and redder colors observed in ringed galaxies compared to their non-ringed counterparts suggest that the presence of a ring structure may be indicative of a different formation history or evolutionary pathway. The observed trend of decreasing star formation activity, older stellar population ages and a shift towards redder colors with increasing environmental density is consistent with the idea that galaxy properties are affected by the surrounding environment.
7. Summary and conclusions
In this work, we analyzed the properties of ringed galaxies in dense environments corresponding to poor and rich groups of galaxies.
We identified ringed galaxies, considering inner, outer, nuclear, inner+outer, and partial rings, in group density environments by cross-correlation of the ringed galaxy catalog from F21 with galaxies in the groups catalog from Tempel et al. (2017), obtaining a sample of 637 ringed galaxies that reside in groups. This value represents a fraction of 34.1% relative to the full sample of 1868 ringed galaxies. We divided the resulting sample into two subsamples based on the richness of the group: ringed galaxies in poor groups (3 ≤ Nrich ≤ 10) and ringed galaxies in rich groups (11 ≤ Nrich ≤ 50). Our analysis revealed that out of the total sample of 637 ringed galaxies residing in group environments, ≈76% were found in poor groups, whereas only about 24% were present in rich systems. We observed that galaxies with inner rings are the most common in both rich and poor groups, constituting ≈47% of the sample. On the other hand, galaxies with nuclear rings were found to be the least frequent in both groups.
Another notable observation is that outer rings in our samples are more common in galaxies residing in rich groups, while partial rings decrease in these groups, suggesting that partial rings might originate primarily from internal processes within the galaxy and then be influenced by the presence of tidal forces.
To investigate the correlation between the dense environment and the characteristics of ringed galaxies, we constructed suitable control samples of galaxies without ringed structures by simultaneously matching the redshift, r-band absolute magnitude, morphology, group masses, and environmental density with those of the ringed galaxies. These control samples were used to reliably estimate differences between galaxies with and without rings, thus helping to reveal the role played by the group environments on ringed galaxy properties. Regarding the non-ring galaxies in the control samples, 81% were found in poor groups, and 19% were in rich groups. Our results also revealed a stronger preference of ringed galaxies toward poor groups. While we must exercise caution in making definitive statements, the implication of this finding suggests that the environment might exert minimal influence on the occurrence of rings. Instead, internal factors could be more responsible for the formation and presence of these intriguing structures.
We also examined the occurrence of ringed galaxies with and without bars within rich and poor groups. The incidence of barred galaxies exhibited remarkable similarity regardless of the group richness. These findings suggest that the presence of bars in ringed galaxies appears to be independent of the surrounding environment. Moreover, based on the distribution of group-centric distance, we found that ringed galaxies did not show any difference in their distribution within the rich/poor groups compared to the corresponding control samples.
Furthermore, we explored the impact of ringed structures on the host galaxy properties residing in group environments. Our analysis revealed that galaxies possessing ringed structures display decreased levels of star formation activity and aging in their stellar populations when compared to their non-ringed counterparts. This trend is more pronounced for ringed galaxies within rich groups in comparison to those in poor ones. In contrast, galaxies without ringed structures in the control samples exhibit more efficient star formation activity and a younger stellar population. Although, in general, ringed galaxies exhibit a lower star formation rate compared to their non-ringed counterparts, our study reveals that galaxies with different types of rings respond differently to their environment. Galaxies possessing nuclear rings appear to undergo internal processes that promote the flow of gas towards the nucleus, enhancing star formation. Meanwhile, those with outer and partial rings are likely to experience gas-depleting mechanisms, leading to reduced rates of star formation.
An analysis of the color diagrams reveals that ringed galaxies predominantly populate the green valley and the red sequence, showing a surplus of galaxies in the red sequence, especially within rich groups. On the other hand, galaxies in the control samples tend to reside in the green valley region and the blue zone of the diagrams. We also found that the fraction of galaxies with redder colors increases with higher host group masses, and across the entire group mass range, ringed galaxies consistently exhibit redder colors compared to non-ringed ones in their respective control samples.
Our studies also indicate that ringed galaxies, regardless of their location within the group, exhibit lower levels of star formation activity, along with older stellar populations and redder colors, as compared to non-ringed galaxies in the control samples. From the correlation between ringed galaxy properties and the environmental density parameter, the results show that as density increases, galaxies have lower star formation activity, which is also reflected in older stellar populations and redder colors. This trend is particularly noticeable in ringed galaxies in both poor and rich groups.
Our examination of ringed galaxies in dense environments, including both rich and poor groups, has indicated that a ring could be a constituent of a process that leads to the depletion of gas in the disk. This, in turn, causes a reduction in star formation activity and contributes to the aging and reddening of the host stellar population. Additionally, standard mechanisms typically observed in dense environments, such as ram pressure stripping, evaporation, and tidal interactions, which eliminate material from disks, can expedite the process of consuming gas in ringed galaxies residing in groups, resulting in accelerated star formation activity and galaxy evolution.


1 C = r90/r50 is the ratio of Petrosian 90%–50% r-band light radii.
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Numbers and percentages (and their standard errors) of ringed and control galaxies in poor (3 ≤ Nrich ≤ 10) and rich groups (11 ≤ Nrich ≤ 50).
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Numbers and percentages (and their standard errors) of galaxies with different types of rings in poor (3 ≤ Nrich ≤ 10), rich (11 ≤ Nrich ≤ 50), and all groups.
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Table 3. 
Number and percentages of galaxies exhibiting different ring types with barred and unbarred structures (regarding the total number of ringed galaxies within poor, rich, and all groups, respectively).
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Table 4. 
Percentages of ringed galaxies and the control sample (CS) in rich and poor groups with low star formation activity and old stellar populations, along with their corresponding standard errors.
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Table 5. 
Percentages of ringed galaxies and the control sample (CS) in rich and poor groups with red colors, and their standard errors.
In the text

All Figures
	[image: thumbnail]	Fig. 1. Typical examples of ringed galaxies in poor (left) and rich (right) groups are shown. In the right area of this figure, we present the zoomed images of outer ring galaxies in these groups. The red star represents the position of the group center. In all images, north is up and east is left.
In the text



	[image: thumbnail]	Fig. 2. Normalized distributions of (a) redshift, (b) r-band absolute magnitude, (c) concentration parameter, (d) group mass, and (e) galaxy environmental density, for ringed galaxies in poor and rich groups (dot-dash blue and dotted magenta lines, respectively) and their corresponding control samples (shaded histograms).
In the text



	[image: thumbnail]	Fig. 3. Log(SFR/M*) and Dn(4000) as a function of stellar masses. Left panels: ringed galaxies in poor groups (represented by blue contours) and their corresponding control sample (represented by gray contours). The side panels show the normalized distributions for each sample. Top-most panel displays the normalized stellar mass distribution for the aforementioned samples. Right panels: same for ringed and non-ringed galaxies in rich groups (represented by magenta and gray contours, respectively).
In the text



	[image: thumbnail]	Fig. 4. Mean values of Log(SFR/M*) and Dn(4000) as a function of the concentration parameter, C, for ringed galaxies in poor groups (dot-dash blue lines), rich groups (dotted magenta lines), and their corresponding control samples (long-dash black lines).
In the text



	[image: thumbnail]	Fig. 5. Log(SFR/M*) normalized distributions of galaxies exhibiting different ring types (nuclear, inner, outer, inner+outer and partial) in poor and rich groups (upper and lower panels, respectively).
In the text



	[image: thumbnail]	Fig. 6. Dn(4000) normalized distributions of galaxies exhibiting different types of rings (nuclear, inner, outer, inner+outer and partial) in poor and rich groups (upper and lower panels, respectively).
In the text



	[image: thumbnail]	Fig. 7. Color-magnitude and color-color diagrams for ringed galaxies in groups are displayed. Upper panels: color-magnitude diagrams for ringed galaxies in poor and rich groups (represented by blue and magenta contours, respectively), and their corresponding control samples (represented by gray contours). The vertical panels show the Mu − Mr normalized distributions for each sample. Top-most panels depict the normalized Mr distributions for the same galaxy samples. Lower panels: color-color diagrams for ringed galaxies in poor groups (blue outlines), in rich groups (magenta outlines) and galaxies in their respective control samples (gray surface outlines). The vertical panels show the Mg − Mr normalized distributions for each sample.
In the text



	[image: thumbnail]	Fig. 8. Mean values of (Mu − Mr) and (Mg − Mr) as a function of the group masses, for ringed galaxies in poor groups (dot-dash blue lines), rich groups (dotted magenta lines) and their corresponding control samples (long-dash black lines).
In the text



	[image: thumbnail]	Fig. 9. (Mu − Mr) normalized distributions of galaxies exhibiting different types of rings (nuclear, inner, outer, inner+outer and partial) in poor and rich groups (upper and lower panels, respectively).
In the text



	[image: thumbnail]	Fig. 10. Mean values of Log(SFR/M*), Dn(4000) and (Mu − Mr) as a function of the normalized group-centric distance, dCG/R200, in poor groups (dot-dash blue lines), rich groups (dotted magenta lines), and their respective control samples (long-dash black lines).
In the text



	[image: thumbnail]	Fig. 11. Mean values of Log(SFR/M*), Dn(4000) and (Mu − Mr) as a function of the galaxy environmental density in poor groups (dot-dash blue lines), rich groups (dotted magenta lines), and their respective control samples (long-dash black lines).
In the text
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        Log(SFR/M*) and Dn(4000) as a function of stellar masses. Left panels: ringed galaxies in poor groups (represented by blue contours) and their corresponding control sample (represented by gray contours). The side panels show the normalized distributions for each sample. Top-most panel displays the normalized stellar mass distribution for the aforementioned samples. Right panels: same for ringed and non-ringed galaxies in rich groups (represented by magenta and gray contours, respectively).
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        Log(SFR/M*) normalized distributions of galaxies exhibiting different ring types (nuclear, inner, outer, inner+outer and partial) in poor and rich groups (upper and lower panels, respectively).

      

    

  
    
      Fig. 7. 
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        Color-magnitude and color-color diagrams for ringed galaxies in groups are displayed. Upper panels: color-magnitude diagrams for ringed galaxies in poor and rich groups (represented by blue and magenta contours, respectively), and their corresponding control samples (represented by gray contours). The vertical panels show the Mu − Mr normalized distributions for each sample. Top-most panels depict the normalized Mr distributions for the same galaxy samples. Lower panels: color-color diagrams for ringed galaxies in poor groups (blue outlines), in rich groups (magenta outlines) and galaxies in their respective control samples (gray surface outlines). The vertical panels show the Mg − Mr normalized distributions for each sample.

      

    

  
    
      Table 5. 

      Percentages of ringed galaxies and the control sample (CS) in rich and poor groups with red colors, and their standard errors.

      
        


	Restrictions
	(Mu − Mr) > 2.2
	(Mg − Mr) > 0.84





	% Ringed in poor groups
	75.56 ± 0.87 %
	71.05 ± 0.84%



	% CS in poor groups
	49.02 ± 0.70%
	43.19 ± 0.66%



	




	% Ringed in rich groups
	87.33 ± 0.93 %
	86.00 ± 0.93%



	% CS in rich groups
	58.54 ± 0.77%
	56.10 ± 0.75%





      

    

  
    
      Fig. 10. 
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        Mean values of Log(SFR/M*), Dn(4000) and (Mu − Mr) as a function of the normalized group-centric distance, dCG/R200, in poor groups (dot-dash blue lines), rich groups (dotted magenta lines), and their respective control samples (long-dash black lines).

      

    

  
    
      Fig. 11. 
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        Mean values of Log(SFR/M*), Dn(4000) and (Mu − Mr) as a function of the galaxy environmental density in poor groups (dot-dash blue lines), rich groups (dotted magenta lines), and their respective control samples (long-dash black lines).
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