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Abstract

Context. Studies of large-scale structures in the Universe reveal that galaxy clusters form in regions of matter overdensity, at the intersection of the filamentary structures that comprise the cosmic web. In this process, satellite galaxies tend to spatially align with the major axis of the brightest cluster galaxy (BCG), a phenomenon influenced by both cluster-scale dynamics and the surrounding large-scale environment.

Aims. In this study we investigated the alignment of satellite galaxies relative to the BCG position angle using photometric data from the fifth data release of the Southern Photometric Local Universe Survey (S-PLUS/DR5) to unveil how galaxies evolve under the influence of both local and global conditions.

Methods. Using three complementary statistical tests, the Kuiper V, binomial, and Rao’s spacing tests, we explored how the alignment signal varies with BCG and cluster properties. Our sample includes 58 galaxy clusters with spectroscopically confirmed BCGs within the STRIPE-82 region, up to a redshift of z < 0.12.

Results. The alignment strength is more pronounced for redder BCGs and brighter BCGs, with the most luminous BCGs presenting the strongest correlation with their satellite distributions. In addition, combining multiple properties, such as BCG colour and luminosity, does not further enhance the alignment signal, as the samples naturally favour BCGs with properties that maximise the effect. Beyond 3 R200, satellite colours become more evolved along the BCG major axis for the reddest BCGs, suggesting preprocessing within large-scale filaments. These findings are further evidence of the role of cluster-scale dynamics and large-scale structure in shaping galaxy alignments.
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1. Introduction
Galaxy clusters are the largest gravitationally bound structures in the Universe, having reached a state of dynamical equilibrium characterised by the virial theorem. According to theory, their formation follows a hierarchical process in which smaller systems collapse first and then merge to form larger structures (White & Frenk 1991). Studies and observations of large-scale structure (LSS) indicate that galaxy clusters occupy privileged positions, acting as nodes in the filamentary cosmic web (Colless et al. 2001).
Galaxies gravitationally bound to clusters are also influenced by the formation and evolution of these structures, often exhibiting a spatial alignment with the major axis (the position angle) of the brightest cluster galaxy (BCG; Jõeveer et al. 1978; Fuller et al. 1999). This alignment effect has been widely studied in the literature since its initial discussion in Sastry (1968); however, the physical origin of this alignment between the BCG and the cluster remains debated.
Recently, three main hypotheses for the origin of BCG–satellite alignment have been addressed (for a review, see Joachimi et al. 2015). The first hypothesis suggests that the primordial alignment of the distribution of matter (baryonic and non-baryonic matter) present at the time of galaxy formation plays an important role in determining the present-day alignment. The second emphasises the influence of mergers and collisions, where gravitational torques act on galaxies, aligning them according to the local tidal field. The third mechanism highlights the presence of large-scale filaments, which transport matter along preferential directions and may strengthen the alignment signal. In reality, these effects cannot be entirely disentangled, and the observed alignments likely result from a combination of all three processes (Smith et al. 2023).
Observations by West (1994) support the first scenario, showing that small variations in the primordial density influence merger activity, resulting in the formation of BCGs and determining their orientation. Later, Wittman et al. (2019) analysed a sample of clusters that underwent major mergers during which structures of comparable mass collided. This study revealed a spatial alignment between the BCG, the cluster shape, and the merger axis, further reinforcing the role of mergers in establishing preferred orientations.
As BCGs are typically located near the cluster centre, they are particularly sensitive to the cluster’s merger history. Using cosmological simulations, Ragone-Figueroa et al. (2020) demonstrate that BCG alignment can either strengthen or weaken depending on the direction of mergers and material accretion, with tidal torques partially reorienting misaligned BCGs. More recently, Rodriguez et al. (2024, 2025) used the TNG300 hydrodynamical simulations (Nelson et al. 2019) to highlight the roles of the assembly process and mergers in shaping their orientation, suggesting a connection between quenching mechanisms and alignment evolution. The significance of the BCG in this context is further emphasised by Niederste-Ostholt et al. (2010), Sifón et al. (2015), West et al. (2017), and Huang et al. (2018), who find that the alignment strength decreases when considering the position angle (PA) of the second-brightest cluster galaxy and disappears entirely for fainter galaxies.
Despite extensive studies, there is still debate in the literature regarding the parameters that influence this alignment. Fuller et al. (1999) found no significant dependence of alignment strength on cluster richness, suggesting that richness is not a decisive factor and would probably arise from the fall of galaxies into clusters along large-scale filaments. In contrast, Niederste-Ostholt et al. (2010), using the sixth Sloan Digital Sky Survey data release (SDSS DR6), reported a stronger alignment signal in richer clusters, an effect related to the merger process that forms the cluster.
The influence of LSS on galaxy orientations was further explored by Argyres et al. (1986) and Lambas et al. (1988), who found preferential alignment extending up to 15 Mpc from the cluster centre. More recently, Chen et al. (2019) report that this effect persists up to 40 Mpc, even in the absence of nearby clusters. These findings emphasise the correlation between cluster shape and the surrounding large-scale environment, with matter distribution playing a significant role in determining the alignment strength.
The dependence of alignment on BCG, galaxy, and cluster properties is also debated. Using SDSS DR7, Huang et al. (2016) analysed multiple factors, including cluster mass, morphology, richness, and BCG properties, finding that the BCG shape is a key determinant of the alignment strength. This result is consistent with Smith et al. (2023), who highlight the BCG shape and distance to the filaments as key factors in strengthening the alignment effect. However, Rodriguez et al. (2022), using SDSS DR16 data, find no significant correlation with BCG shape or cluster mass, instead identifying BCG colour as a relevant parameter. Since observational biases related to the filter system could also influence PA measurements and affect alignment strength, Georgiou et al. (2019) analysed spectroscopic data from the Galaxy And Mass Assembly (GAMA) survey and found no dependence on observation bands, although their results also point to galaxy colour as an important factor.
In this study, our aim was to further explore the factors influencing galaxy alignments, focussing on the role of galaxy colours and environmental effects. We used accurate photometric redshifts from the Southern Photometric Local Universe Survey (S-PLUS; Mendes de Oliveira et al. 2019). Our analysis focusses on the STRIPE-82 region due to its extensive spectroscopic coverage, including within the expected 9300 square degrees of S-PLUS. This dataset provides an excellent testing ground for our methods and allows us to explore photometric information, benefiting from the depth of the S-PLUS survey down to r = 21 mag. This mitigates concerns related to spectroscopic incompleteness in magnitude and cluster-centric distance (Poggianti et al. 2006; Olave-Rojas et al. 2018). Furthermore, with the aid of spectroscopic data, we securely identify the BCGs in our sample – a crucial step, as alignment strength tends to decrease when fainter galaxies are considered.
This paper is organised as follows. Section 2 describes the galaxy catalogue and selection of the cluster sample. Section 3 outlines the statistical techniques for alignment measurement and describes the simulations of uniform distributions used for comparisons. Section 4 presents our main findings, including the optimal redshift bin, alignment measurements, parameter combinations, and the influence of the LSS environment. Finally, Sect. 5 discusses and summarises our results.
We adopt a flat Λ cold dark matter cosmology for distance measurements, with H0 = 68 km s−1 Mpc−1 and Ωm = 0.31, in agreement with Planck Collaboration XIII (2016) parameters. Magnitudes are given in the AB system.
2. Data
In this section we describe the data used in this work, including the galaxy cluster catalogue and galaxy properties. Although the fifth internal data release of the S-PLUS covers more than 4600 square degrees of the sky, in this work we focused on the STRIPE-82 region due to its extensive coverage by other surveys.
2.1. Galaxy sample
S-PLUS (Mendes de Oliveira et al. 2019) is a photometric survey designed to cover more than 9000 square degrees of the southern sky using 12 filters, including five broad bands and seven narrow bands. Observations are conducted with the 80-cm T80-South telescope, located at the Cerro Tololo Inter-American Observatory (CTIO) in Chile. Each image covers a field of view of 1.4 × 1.4 square degrees for a total of 2 square degrees.
In its fifth internal data release (Lima et al., in prep.), which will become public in August 2025, the survey delivers the photometry for ∼4600 square degrees. Studies by Lima et al. (2022) revealed that objects with r-band magnitudes fainter than 21.3 present a photometric redshift precision of σNMAD, z = 0.019, which improves to σNMAD, z = 0.006 for objects with r ≤ 17.5. These values demonstrate the high quality and precision of the estimated photometric redshifts.
The PA and ellipticity used in this work were obtained from the S-PLUS calibration pipeline, which is based on the SExtractor software (Bertin & Arnouts 1996), using the Kron aperture. The PA is derived from the second-order moments of the light distribution, which characterise the shape of the galaxy’s brightness profile. Specifically, the PA corresponds to the orientation of the semi-major axis of the best-fitting ellipse, measured counterclockwise from north. As the S-PLUS catalogue reports PA measured from the east (as defined by the THETA parameter), we converted it to match the standard convention. Further details on the calibration pipeline are available in Herpich et al. (2024). Although the shape and orientation of the galaxy can vary depending on the choice of aperture radius, Huang et al. (2016) has shown that different measurement methods yield consistent results, with variations typically within ±0.09°1. Potential measurement uncertainties in PA and ellipticity are not considered here.
Our analysis focusses on the STRIPE-82 region (−60° < α < 60°, −2° < δ < 2°). We selected objects brighter than r = 21, ensuring a complete sample. To minimise possible contamination by stars and artificial sources, we cross-matched the data with the spectroscopic compilation of objects in the southern hemisphere produced by de Lima (2024), retaining only those with the spectral class ‘GALAXY’. For objects without a spectroscopic counterpart, we selected those identified as a galaxy using a machine learning approach specifically calibrated for the S-PLUS survey, as detailed in Nakazono et al. (2021). Absolute magnitudes and colours were corrected for extinction and k-corrections following an approach calibrated for the S-PLUS, detailed by O’Mill et al. (2011) based on Blanton & Roweis (2007).
2.2. Galaxy cluster catalogue
Our sample consists of approximately 12 000 galaxy clusters and groups detected in the STRIPE-82 region (Doubrawa et al., in prep.). The cluster catalogue was produced with the density-based algorithm PZWav (Gonzalez 2014; Doubrawa et al. 2024), a cluster finder designed to identify galaxy overdensities in a range of redshifts.
Briefly, PZWav searches for galaxy overdensities in a series of redshift slices using fixed physical scales that correspond to typical sizes of galaxy groups and clusters (within 0.4 and 1.4 Mpc). The algorithm generates two-dimensional density maps for each redshift slice (Δz = 0.01), weighting each galaxy’s contribution by the integral of its photometric redshift probability density function within the redshift slice limits. Noise is estimated using a secondary density map based on the distribution of peaks found in the previous step. Cluster centres are defined as the locations of the overdensity peaks, while cluster redshifts are taken as the median redshift of galaxies within a 500 kpc radius. Candidates are selected if they have a signal-to-noise ratio greater than 4.
To ensure the precision of our detections and obtain reliable mass and radius estimates, we matched our catalogue with the spectroscopically selected sample from Lim et al. (2017), in which masses were assigned to galaxy groups using proxies based on the luminosity of the member galaxies. A match was defined as having a central distance below 500 kpc and a redshift difference Δz < 0.05, criteria consistent with other studies that consider matching catalogues (as in Werner et al. 2022; Maturi et al. 2023; Doubrawa et al. 2024).
Initially, we identified 150 correspondences between photometric and spectroscopic selected clusters. However, to study galaxy alignment, it is necessary to avoid systematic effects that can introduce false signals. To reduce incompleteness in the galaxy sample due to survey boundaries, we removed clusters and groups whose centres lie closer than three times the R200 to the edge of the survey footprint. Here, R200 denotes the radius encompassing 200 times the mean density of the Universe. Additionally, since the presence of nearby clusters and groups can also interfere with the signal measurement, we excluded systems with known massive neighbours (above 1013 M⊙) within 3 R200.
After applying these selection criteria, our final sample comprises 58 galaxy clusters and groups. Their masses range from 1013 to 1014.5 M⊙, with 84% (49 clusters) having masses below 1014. The redshifts vary from 0.036 to 0.11, with 60% (34) at z < 0.07.
3. Methods
In this section we define the alignment of the galaxies relative to the BCG PA, the statistical tests employed to quantify the alignment, and how to calculate the significance of the observed alignment obtained through simulations.
3.1. Alignment with the BCG
The methodology used in this work follows the principles outlined by Smith et al. (2023): we measured the galaxy alignment by calculating the angular distance (θ) between the direction of the BCG PA and the sky position of each galaxy measured from the centre of the cluster, as illustrated in Fig. 1. To measure the strength of alignment, we stacked multiple clusters. Before stacking, each system was rotated so that the BCG PA is aligned horizontally, ensuring a consistent frame of reference across all clusters. As the theory predicts that the galaxy distribution is preferentially orientated with the BCG PA, this process enhances the alignment signal, increases the number of galaxies in question, and averages out noise that can be present on the individual clusters, thereby improving the statistical significance of the result.
	[image: thumbnail]	Fig. 1. Illustration of the angular distance (θ) between the BCG orientation and the n-th galaxy’s sky position. In this example, the BCG coincides with the cluster centre, although this is not always the case.



Since the angular distances range from 0 to 360°, we converted them into the range 0 to 90°, without compromising the analysis. This transformation is based on the symmetry around the BCG PA. For example, an object at θ = 180° has the same alignment as an object at θ = 0° relative to the BCG. Similarly, objects positioned perpendicularly to the BCG PA remain consistent in this transformation.
For this study, we analysed galaxies within 3 R200 of the cluster centre, a limit set by the STRIPE-82 coverage. In future work, we will extend this analysis to larger radii using the full S-PLUS survey. Galaxies are selected within a redshift difference of Δz = 0.025 from the cluster’s centre without distinguishing between cluster members and field galaxies. The influence of the choice of the redshift bin is discussed in Sect. 4.1.
3.2. Statistical methods
Following West et al. (2017) and Smith et al. (2023), we used the Kuiper V, binomial, and Rao tests to quantify the galaxy alignment. These tests assess if the angular separation deviates from a uniform distribution without requiring arbitrary binning, each providing a complementary perspective on the alignment signal.
3.2.1. Kuiper’s V test
Kuiper’s V test, based on Kuiper (1960), measures the maximum and minimum of the cumulative distribution of observed angular separation concerning a uniform distribution. For that, the angles are sorted into increasing order. The test statistic is calculated as
[image: thumbnail](1)
where D+ is the maximum positive deviation and D− is the maximum negative deviation of the cumulative distribution of uniformity. A higher value indicates that the galaxies are more distributed in a preferential direction.
Since this statistic is not normalised, its distribution depends on the number of galaxies in the sample. When comparing samples of different sizes, we used a Monte Carlo resampling to randomly down-sample the larger dataset to match the smaller one. The error bars in our results represent the standard deviation from repeating this resampling process a thousand times.
3.2.2. Binomial test
The binomial test is a simple method that quantifies the fraction of galaxies with angular separation of less than 45° from the BCG major axis. Under the hypothesis of a uniform distribution, this fraction should be equal to 0.5. If the fraction is greater than 0.5, it indicates a preferential distribution in agreement with the BCG PA, while values lower than 0.5 suggest an anti-correlation trend.
3.2.3. Rao’s spacing test
Based on Rao (1976), Rao’s spacing test evaluates the angular offset between successive galaxies and compares it to the expected value from a uniform distribution. This approach is particularly effective in detecting non-uniform clustering patterns. For this, it is also required that the angles obtained be sorted in increasing order.
The expected angular variation, λ, is calculated as
[image: thumbnail](2)
with N being the number of galaxies in the stacked sample. Then, the test statistic is computed by calculating the sum of the offsets,
[image: thumbnail](3)
where Ti = θi + 1 − θi for i < N and Ti = (90 − θN)−θ1 for i = N.
Although using Monte Carlo for a fair comparison between results, caution must be taken to avoid repeated values of θ inconsistent with the data, as consecutive identical angles could artificially enhance the alignment signal. Note that, due to the test definition, it quantifies the uneven distribution of the data rather than directly measuring the galaxies’ orientation.
3.3. Measurement of sample uniformity
To evaluate the non-uniformity of our samples, we compared the observed alignment results with those expected from uniformly distributed particles. We define ‘non-uniformity’ as the number of standard deviations by which the observed values deviate from the mean of the simulated distributions.
Although the aim is for a uniform distribution, if the number of particles is relatively small, the values of the statistical tests described above can oscillate around the mean. Then, to measure how much it deviates, we created a thousand randomly distributed datasets that reproduce a stacked image varying from 200 to 25 000 galaxies. For each realisation, we computed the mean and standard deviation values of the test statistics, providing a benchmark for comparison with observations. We show the results in Fig. 2.
	[image: thumbnail]	Fig. 2. Mean and standard deviation of the statistical values from the Kuiper V, binomial, and Rao tests, obtained from simulations of uniformly distributed particles. The solid and dashed lines represent interpolated values for the expected results.



As simulating all possible combinations of a given number of galaxies is unfeasible, we interpolated the expected values for both the mean and errors using the package interp1d from scipy, allowing for a continuous estimate for any given sample size. We considered the strengthening of the alignment signal between subsamples to be significant if at least two of the applied statistical tests show differences larger than 1σ, and if the comparison with the uniform simulation also exceeds the 1σ level.
4. Results
In this section we present our main results. We discuss the importance of choosing the correct photometric redshift bin to select the data as a way to increase the signal strength, the alignment, and conditions that improve the signal, and a correlation between the satellite colour distribution and its connections to the LSS of the Universe.
4.1. Photometric redshift bin
Studies of galaxy alignment are usually based on spectroscopically confirmed objects and use only galaxies selected as members of the structures in use. However, using photometric data allows for larger and more complete samples, including low-brightness galaxies.
Although photometric redshifts have lower resolution than spectroscopic ones, the ongoing and forthcoming wide photometric surveys are projected to combine broad- with several narrow-band filters, which will allow the observation of millions of objects with errors limited to σz ∼ 0.01 (1 + z). Even with small associated errors in the redshift measurements, photometric studies still require more caution regarding the presence of foreground and background objects, as the presence of outliers can contaminate the sample and decrease the alignment signal. Here, we show that choosing an optimal redshift bin to select photometric galaxies can enhance the signal strength.
To do this test, first, we selected all galaxies within 3 R200 of the cluster centre and with photometric redshifts within a given Δz centred in the cluster redshift (zcl ± Δz). We then computed the test values for different redshift slices. The smallest interval corresponds to the σNMAD derived by Lima et al. (2022) for the cluster median redshift (0.065), and we increased Δz by 0.005 in each subsequent step. Figure 3 shows the non-uniformity of the three statistical measurements, Rao’s spacing test (green), Kuiper V (orange) and binomial (purple), using the complete cluster sample, for each photometric slice. Hereafter, we use the same colour code to represent each statistical test. The slice that best enhances the measurements for the three statistical tests is 0.025, with a non-uniformity of 0.6, 4.9, and 3.8σ for the Rao, Kuiper, and binomial tests, respectively.
	[image: thumbnail]	Fig. 3. Results of non-uniformity tests for different photometric redshift widths (Δz), used to determine the optimal selection aperture. Rao’s spacing test (green), Kuiper’s V test (orange), and the binomial test (purple) are shown.



Although wider bins could increase the values, they reach the redshift limit of the galaxy sample. Additionally, we would increase the contamination of foreground and background galaxies. Therefore, we assumed 0.025 as the fiducial slice for the analysis of the subsamples and parameter combination.
4.2. Galaxy alignment
We tested a set of different constraints on the data to investigate the effects of each choice of BCG and satellite properties that strongly strengthen the tendency for the satellite galaxies to lie along the BCG major axis, that is, the alignment signal. Here, we show results with the complete sample (complete), low- and high mass-clusters (13 < M < 13.5 M⊙, M > 13.5 M⊙)2, BCG ellipticity (ell > 0.1, 0.2, 0.3), BCG median distance from the galaxy density peak (cluster centre, R in kpc), BCG absolute magnitude larger or smaller than the median in the r band (BCG Mr), BCG colours g_auto-r_auto larger or smaller than the median (BCG gr), and the separation of the satellite in g − r colour (blue or red galaxy).
The left panel of Fig. 4 shows the median values obtained from each statistical test using the bootstrapping technique, allowing direct comparison. To aid in the interpretation of these results, the right panel of Fig. 4 presents the corresponding difference between the values obtained for each complementary subsample. As a supporting analysis, we report the deviation of the median values from uniformity in Fig. 5.
	[image: thumbnail]	Fig. 4. Left panel: Statistical test values for different subsets, normalised using bootstrapping to allow direct comparison. The grey shaded region shows the 1σ region expected from a uniform distribution. Right panel: Statistical significance of the results compared to uniform simulations. The subsets include the complete sample, BCG ellipticity thresholds (ell > 0.1, 0.2, 0.3), BCG median distance from the cluster centre (R), BCG absolute magnitude relative to the complete sample median in the r band (BCG Mr), BCG colours g_auto-r_auto relative to the median (BCG gr), and the satellite galaxy colour (blue or red gal). The dotted black line indicates the 1σ region.



	[image: thumbnail]	Fig. 5. Comparison between the median values from Fig. 4 and the expected uniform distribution from simulations. The values indicate how many sigma the distribution deviates from uniformity. The dotted black line indicates the 1σ region.



We began our analysis with the mass of the structures. The figures indicate that lower-mass systems show slightly higher values for Kuiper V than higher mass systems, while the binomial test results show an inverted trend. All three tests fall within the error bars, with only the binomial test showing a statistically significant difference, reaching 2.7σ. This suggests that mass, at least within systems in the group scale, is not a dominant factor for the angular segregation of the satellite galaxies relative to the BCG major axis, which is consistent with the findings by Rodriguez et al. (2022). Interestingly, both the low- and high-mass subsamples deviate significantly from a uniform distribution. For lower-mass systems, the non-uniformity reaches 3.2σ in Kuiper V and 1.3σ in the binomial test. For higher-mass systems, the deviations are 2.2σ and 2.4σ, respectively. These values may reflect the influence of filamentary structures that continuously feed matter into galaxy clusters and groups.
Ellipticity is a complex parameter as it depends on the resolution of the survey, the measurement method (e.g. isophotal, Kron or Petrosian radii), and associated observational uncertainties. Additionally, determining a reliable PA becomes increasingly difficult for rounder galaxies. To investigate the correlation between BCG ellipticity and the alignment signal, we applied three lower limits on ellipticity: 0.1, 0.2, and 0.3. Although a slight decreasing trend is observed in the statistical test values, the results remain consistent within the error bars. In terms of difference, the ell > 0.1 value is only ∼1.3 times larger than ell > 0.2 for both the Kuiper V and binomial tests. Due to the overall formation history for structures, elongated BCGs are often associated with frequent mergers along preferred directions, a process that is expected to contribute to stronger alignment signals. However, when applying the stricter cut of ell > 0.3, we observe only a modest increase in signal strength compared to the ell > 0.2 case. Our findings suggest that even relatively round BCGs can exhibit a significant alignment signal. This may be partly due to the reduced number of sources with high ellipticity (34% of the sample), limiting the statistical power of the test. Given the apparent non-linear dependence between ellipticity and alignment signal, we conclude that ellipticity is not a dominant factor, a result that diverges from the findings by Smith et al. (2023). Considering the non-uniformity, the ell > 0.1 sample shows values comparable to the complete sample (as only six systems fall below this threshold), while the ell > 0.2 subset shows a slight decrease in Kuiper V significance, at only 0.8σ.
The projected distance between the BCG and the cluster centre can be used as an indicator of the system’s dynamical state. A significant offset may indicate a disturbed surrounding environment, possibly due to a recent merger event. For such a scenario, the BCG would need ∼1 Gyr to reassume its central position, potentially weakening the alignment signal (this timescale can vary depending on the merger configuration; e.g. Ragone-Figueroa et al. 2020). In our analysis, the statistical test values are consistent across the subsets, with only a small increase in the binomial test (0.9σ) for BCGs located closer to the centre. Since our initial sample was selected by excluding systems with nearby groups and clusters, it is biased towards more relaxed structures. Consequently, the central distance does not appear to be a dominant factor in this context.
Brightest cluster galaxy luminosity is a very interesting parameter. Luminous BCGs are usually found closer to the centre of the potential well of the cluster, and are likely less affected by miscentring effects (Wen et al. 2012; Huang et al. 2016). Additionally, they are commonly associated with more relaxed environments and thus, even after experiencing the influence of the surrounding large-scale field through mergers, they had sufficient time to reorient into the cluster tidal fields. Here, all statistical tests show stronger alignment signals for the brightest BCGs compared to the fainter ones, with differences of 0.1σ in Rao’s spacing test, 3.1σ in Kuiper V, and 3.5σ in the binomial test. Note that the non-uniformity figure also reflects this trend, reaching 2.5 and 2.8σ for Kuiper V and binomial, respectively, for Mr < −22.7, and 0.5 and 1σ for Mr > −22.7. Therefore, the BCG luminosity is one of the most dominant indicators of galaxy alignment.
Taking advantage of one of the survey’s strengths, we also examined the colours of both the BCGs and satellite galaxies. While separating our sample using the median BCG colour (g_auto-r_auto = 0.8) and computing the test values, we find a strengthening in the signal for the redder subsample of 2σ for the Rao, 0.7σ for the Kuiper V, and 1.6σ for the binomial test. In addition, the non-uniformity also shows an offset of 2σ for Kuiper V and 2.5σ for binomial, reinforcing the conclusion that BCG colour is also an indicator of galaxy alignment. This decrease in signal for the bluer BCGs is consistent with previous studies (Yang et al. 2006; Huang et al. 2016), suggesting that merger events and interactions between BCGs and nearby galaxies can trigger star formation, resulting in bluer BCGs. A visual inspection of the bluer subsample reveals eight disk-like galaxies showing signs of recent interaction. These events may alter the alignment between the BCG and its satellites, which could explain the observed difference in signal.
As a final test, we divided our galaxy sample into two populations based on the colours: ‘blue’ as galaxies with g_auto-r_auto < 0.7 and ‘red’ as g_auto-r_auto > 0.7. The statistical tests reveal a difference of 1.7σ for Kuiper V and 2.6σ for the binomial test, both supported by significant non-uniformity, with deviations of 2.8σ and 3.0σ, respectively. These findings indicate that satellite colour is another key parameter influencing the strength of the alignment signal. As expected, late-type (blue) galaxies tend to be more isotropically distributed, a property that also supports their use as reliable tracers in cosmological studies (e.g. de Carvalho et al. 2021; Avila et al. 2024).
4.3. Combination of conditions
A subsequent question to our analysis is the consequences of combining the best parameters discussed above. Figure 6 presents the corresponding results. For this test, we also included the massive subsample (M > 13.5), which, although not identified as a key factor for the alignment signal, represents a highly non-uniform subsample. Interestingly, most of the combinations of parameters yield similar results for the three statistical tests, suggesting that these subsamples share intrinsic properties that contribute to a stronger alignment signal.
	[image: thumbnail]	Fig. 6. Comparison of the best subset conditions (from left to right): (i) the complete sample, (ii) the brighter BCGs, and combinations of massive clusters and brighter BCGs (iii); massive clusters and redder BCGs (iv), brighter and redder BCGs (v), brighter and redder BCGs and red galaxies (vi), and massive clusters and brighter and redder BCGs and red galaxies (vii). The grey shaded region shows the 1σ region expected from a uniform distribution.



To test this hypothesis, we estimated the median values of the ‘missing’ third parameter in each combination. For example, the combination M > 13.5 + BCG Mr yields a median BCG colour distribution of 0.87 ± 0.04, indicating a bias towards selecting redder BCGs. A similar trend is seen in the M > 13.5 + BCG gr subset, where the absolute magnitude distribution has a median value of −22.9 ± 0.3 – a result consistent with the median value for the complete sample – effectively favouring the selection of more luminous BCGs. Finally, the combination BCG Mr + BCG gr results in a median mass of log10M = 13.9 ± 0.3 M⊙, again above the median for the full cluster sample.
Although the discussed combinations show large error bars due to sample re-sizing, we observe a significant reduction in them after applying the colour selection to satellite galaxies. This suggests that even with fewer galaxies, the remaining sample retains those most likely to enhance the alignment statistically. The colour constraint strengthens the Mr-selected sample by 1.6σ in the Kuiper V test and 1.4σ in the binomial test. These findings imply that studies based on cluster spectroscopic samples naturally yield stronger alignment signals, as such surveys tend to prioritise bright massive galaxies (Poggianti et al. 2006; Olave-Rojas et al. 2018) – precisely those that contribute the most to the effect.
4.4. Satellite distribution
From the previous discussion, it is evident that satellite colour plays a crucial role in galaxy alignment strength. This motivated us to explore additional galaxy properties to better understand their relation with BCGs, the cluster environment, and the LSS.
Figure 7 shows the median galaxy colour as a function of distance from the cluster centre, binned up to 6 R200, for the subsample of clusters divided by the BCG colour. In a general overview, the two panels exhibit similar trends: galaxies tend to be redder closer to the cluster centre and progressively become bluer out to approximately 3 R200 (e.g. Hwang et al. 2019). Beyond this radius, the colour profile tends to flatten, which likely marks the outer limit of the environmental influence of the cluster. This interpretation is consistent with simulations showing that backsplash galaxies rarely exceed 3 R200 (Gill et al. 2005; Bahé et al. 2013). However, the behaviour is not identical across subsamples and shows a dependence on the observation direction, as discussed below.
	[image: thumbnail]	Fig. 7. Median values of galaxy colour as a function of cluster centre distance for the subsample divided by BCG colour. Left panel: BCG gr > 0.8. Right panel: BCG gr < 0.8. Galaxies aligned with the BCG major axis (θ < 45°) are shown as solid lines, and those aligned with the BCG minor axis (θ > 45°) as dotted lines. The shaded region indicates the median relative error.



In the left panel, we show that galaxies aligned with the BCG major axis (θ < 45°) tend to be systematically redder than those aligned with the minor axis (θ > 45°). This trend suggests that galaxies that fall along the BCG’s major axis, which often coincides with the preferred direction of the surrounding filaments, could have experienced stronger environment preprocessing. The effect is even more evident for R > 3 R200. However, this colour offset is not apparent in the right panel, where galaxies show similar median values regardless of the observation angle, indicating a more uniform distribution among the bluer satellites. This dependence on the observation direction reinforces the hypothesis that galaxy alignment is also closely tied to accretion and LSS connectivity (Smith et al. 2023). This behaviour is consistent with previous results by Yang et al. (2006) and Rodríguez-Martín et al. (2022), who also examined satellite alignments with respect to the central galaxy orientation. In particular, Rodríguez-Martín et al. (2022) found significant anisotropies when satellites are aligned with the major axis of red central, with alignment signals extending out to ∼12 Mpc. In contrast, their results for blue central show no significant dependence on the observation angle, consistent with the result for our bluer BCG sample. Yang et al. (2006), using galaxies within the halo virial radius, also found similar alignment trends, which were stronger at smaller radii. Although these studies employ different techniques and scales, their findings reinforce our results and place them in a broader context.
When dividing the sample by BCG colour, we find that galaxies associated with redder BCGs are systematically (∼0.04 mag) redder than those around bluer BCGs across nearly all radii. This result supports the idea that the redder BCGs reside in denser environments, within or near filaments (Einasto et al. 2024), which also influence their satellite populations (galaxy conformity; e.g. Palma et al. 2025; Ayromlou et al. 2023). This is further evidenced when dividing the sample by mass: for redder BCGs, the colour difference is 0.048 ± 0.014 magnitudes within R < 3 R200; while for the bluer BCGs, this value is even stronger, averaging 0.061 ± 0.013.
Within the cluster core (0 < R < 1 R200), median colours for major- and minor-axis-aligned galaxies appear similar in the redder BCG sample. This behaviour suggests that the colour evolution becomes more uniform at smaller radii, where the cluster’s tidal and hydrodynamical effects are strongest.
At large radii (R > 3 R200), galaxies are more likely to be influenced by the LSS. If redder BCGs are typically found in denser environments, it is plausible that their surrounding filaments are also redder. These denser regions can accelerate galaxy colour evolution, either through the presence of more massive groups or via quenching processes acting directly within the filament. This scenario is consistent with the findings of Kraljic et al. (2018) and Sarron et al. (2019), who show that filaments can drive significant preprocessing. A similar interpretation could be applied to the mild decrease seen for bluer BCGs at θ < 45°, where galaxies aligned with the BCG major axis may be part of less evolved, gas-rich filaments, potentially experiencing enhanced star formation.
Additionally, BCGs, being the central galaxies of their clusters, experience numerous mergers with infalling satellites. Therefore, if filaments are predominantly feeding red galaxies into the cluster, it is not surprising that the BCGs in these environments would build up through dry mergers, resulting in redder stellar populations. In contrast, if the feeding filaments contain a larger fraction of blue galaxies, the BCGs may undergo more gas-rich (wet) mergers, leading to ongoing star formation and bluer colours.
5. Conclusions
In this study we explored the alignment between satellite galaxies and the BCG using photometric data from the S-PLUS survey. Our analysis leveraged precise photometric redshift estimates to extend alignment studies beyond spectroscopic samples, allowing for a more complete view of satellite distributions.
We examined how various parameters, including BCG properties, satellite colours, and the influence of LSSs, affect the strength of the alignment signal using a combination of multiple statistical tests (Kuiper’s V, Rao’s spacing, and binomial tests). Our results highlight the key environmental and intrinsic factors that shape galaxy orientations within clusters and their surrounding structures.
In the following, we summarise our main findings.

	
A careful selection of the photometric redshift bin enhances the alignment signal. A bin width of δz = 0.025 was found to maximise statistical significance while minimising contamination from foreground and background galaxies.



	
The BCG luminosity and colour play a crucial role in determining the strength of galaxy alignment. Brighter and redder BCGs show stronger alignment effects, suggesting a connection to the cluster’s merger history and tidal interactions, results that are in agreement with Rodriguez et al. (2022).



	
The colour distribution of satellite galaxies correlates with alignment trends. Redder satellites exhibit a more pronounced alignment with the BCG, whereas bluer galaxies show weaker correlations, in agreement with findings by Georgiou et al. (2019).



	
The combination of multiple parameters does not greatly enhance the alignment signal because the selected samples already share intrinsic properties that favour the selection of redder and brighter BCGs. However, including the restriction of using red galaxies only increases the signal by ∼1.5σ for the bright BCGs sample.



	
Galaxies aligned with the BCG major axis (θ < 45°) tend to be systematically redder than those aligned with the minor axis (θ > 45°), suggesting that galaxies might have been affected by environment preprocessing along the preferred direction.



	
Beyond 3 R200, alignment trends become influenced by large-scale filaments. Galaxies aligned with the BCG major axis exhibit more evolved colours, supporting the hypothesis that filamentary accretion plays a role in galaxy evolution.




We aim to expand this work by utilising the full fifth S-PLUS data release, which covers approximately 4600 square degrees. We will be able to conduct a more comprehensive investigation of galaxy alignments by incorporating filament-detection algorithms to study alignment trends as a function of filament connectivity and orientation, further quantifying the role of LSS. Additionally, we will examine the redshift evolution of alignment by comparing lower- and higher-redshift clusters in S-PLUS and complementary surveys. Expanding our sample will allow us to assess the impact of the cluster dynamical state and directly determine whether alignment strength differs between relaxed and merging clusters.


1 It is important to note that this value was derived from SDSS data and may not be fully representative for S-PLUS survey. However, given its expected small uncertainty, variations are not expected to have a significant impact on our results.


2 We simplify the notation of log10(M200) to M.
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All Figures
	[image: thumbnail]	Fig. 1. Illustration of the angular distance (θ) between the BCG orientation and the n-th galaxy’s sky position. In this example, the BCG coincides with the cluster centre, although this is not always the case.
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	[image: thumbnail]	Fig. 2. Mean and standard deviation of the statistical values from the Kuiper V, binomial, and Rao tests, obtained from simulations of uniformly distributed particles. The solid and dashed lines represent interpolated values for the expected results.
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	[image: thumbnail]	Fig. 3. Results of non-uniformity tests for different photometric redshift widths (Δz), used to determine the optimal selection aperture. Rao’s spacing test (green), Kuiper’s V test (orange), and the binomial test (purple) are shown.
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	[image: thumbnail]	Fig. 4. Left panel: Statistical test values for different subsets, normalised using bootstrapping to allow direct comparison. The grey shaded region shows the 1σ region expected from a uniform distribution. Right panel: Statistical significance of the results compared to uniform simulations. The subsets include the complete sample, BCG ellipticity thresholds (ell > 0.1, 0.2, 0.3), BCG median distance from the cluster centre (R), BCG absolute magnitude relative to the complete sample median in the r band (BCG Mr), BCG colours g_auto-r_auto relative to the median (BCG gr), and the satellite galaxy colour (blue or red gal). The dotted black line indicates the 1σ region.
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	[image: thumbnail]	Fig. 5. Comparison between the median values from Fig. 4 and the expected uniform distribution from simulations. The values indicate how many sigma the distribution deviates from uniformity. The dotted black line indicates the 1σ region.
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	[image: thumbnail]	Fig. 6. Comparison of the best subset conditions (from left to right): (i) the complete sample, (ii) the brighter BCGs, and combinations of massive clusters and brighter BCGs (iii); massive clusters and redder BCGs (iv), brighter and redder BCGs (v), brighter and redder BCGs and red galaxies (vi), and massive clusters and brighter and redder BCGs and red galaxies (vii). The grey shaded region shows the 1σ region expected from a uniform distribution.
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	[image: thumbnail]	Fig. 7. Median values of galaxy colour as a function of cluster centre distance for the subsample divided by BCG colour. Left panel: BCG gr > 0.8. Right panel: BCG gr < 0.8. Galaxies aligned with the BCG major axis (θ < 45°) are shown as solid lines, and those aligned with the BCG minor axis (θ > 45°) as dotted lines. The shaded region indicates the median relative error.
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        Illustration of the angular distance (θ) between the BCG orientation and the n-th galaxy’s sky position. In this example, the BCG coincides with the cluster centre, although this is not always the case.
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        Mean and standard deviation of the statistical values from the Kuiper V, binomial, and Rao tests, obtained from simulations of uniformly distributed particles. The solid and dashed lines represent interpolated values for the expected results.
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        Results of non-uniformity tests for different photometric redshift widths (Δz), used to determine the optimal selection aperture. Rao’s spacing test (green), Kuiper’s V test (orange), and the binomial test (purple) are shown.
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        Left panel: Statistical test values for different subsets, normalised using bootstrapping to allow direct comparison. The grey shaded region shows the 1σ region expected from a uniform distribution. Right panel: Statistical significance of the results compared to uniform simulations. The subsets include the complete sample, BCG ellipticity thresholds (ell > 0.1, 0.2, 0.3), BCG median distance from the cluster centre (R), BCG absolute magnitude relative to the complete sample median in the r band (BCG Mr), BCG colours g_auto-r_auto relative to the median (BCG gr), and the satellite galaxy colour (blue or red gal). The dotted black line indicates the 1σ region.
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        Comparison between the median values from Fig. 4 and the expected uniform distribution from simulations. The values indicate how many sigma the distribution deviates from uniformity. The dotted black line indicates the 1σ region.
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        Comparison of the best subset conditions (from left to right): (i) the complete sample, (ii) the brighter BCGs, and combinations of massive clusters and brighter BCGs (iii); massive clusters and redder BCGs (iv), brighter and redder BCGs (v), brighter and redder BCGs and red galaxies (vi), and massive clusters and brighter and redder BCGs and red galaxies (vii). The grey shaded region shows the 1σ region expected from a uniform distribution.
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        Median values of galaxy colour as a function of cluster centre distance for the subsample divided by BCG colour. Left panel: BCG gr > 0.8. Right panel: BCG gr < 0.8. Galaxies aligned with the BCG major axis (θ < 45°) are shown as solid lines, and those aligned with the BCG minor axis (θ > 45°) as dotted lines. The shaded region indicates the median relative error.
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