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Abstract

We analyse the kinematical and dynamical state of the galaxy cluster RXCJ1230.7+3439 (RXCJ1230), at z = 0.332 using 93 new spectroscopic redshifts of galaxies acquired at the Telescopio Nazionale Galileo and from SDSS DR16 public data. We study the density galaxy distribution retrieved from photometric SDSS multiband data and find that RXCJ1230 appears as a clearly isolated peak in the redshift space, with a global line-of-sight (LOS) velocity dispersion of [image: equation] km s−1. Several tests applied to the spatial and velocity distributions reveal that RXCJ1230 is a complex system with the presence of three subclusters, located to the southwest, east, and south with respect to the main body of the cluster, containing several bright galaxies (BGs) in their respective cores. Our analyses confirm that the three substructures are in a pre-merger phase, where the main interaction takes place with the southwest subclump, almost in the plane of the sky. We compute a velocity dispersion of σv ∼ 1000 and σv ∼ 800 km s−1 for the main cluster and the southwest substructure, respectively. The central main body and southwest substructure differ by ∼870 km s−1 in the LOS velocity. From these data, we estimate a dynamical mass of M200 = 9.0 ± 1.5 × 1014 M⊙ and 4.4 ± 3.3 × 1014 M⊙ for the RXCJ1230 main body and southwest clump, respectively, which reveals that the cluster will undergo a merger characterised by a 2:1 mass ratio impact. We solve a two-body problem for this interaction and find that the most likely solution suggests that the merging axis lies ∼17° from the plane of the sky and the subcluster will fully interact in ∼0.3 Gyr. However, a slight excess in the X-ray temperature observed in the southwest clump confirms a certain degree of interaction already. The comparison between the dynamical masses and those derived from X-ray data reveals good agreement within errors (differences ∼15%), which suggests that the innermost regions (< r500) of the galaxy clumps are almost in hydrostatical equilibrium. In summary, RXCJ1230 is a young but also massive cluster in a pre-merging phase accreting other galaxy systems from its environment.
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1. Introduction
According to the hierarchical structure formation scenario, galaxy clusters (GCs) are the youngest bound systems in our Universe. The cold dark matter model together with the theory of cosmic inflation predicts the initial conditions for the structure formation (see e.g. Springel 2005), where clusters form in the deepest potential wells generated by the dark matter (DM) overdensities. GCs contain multiple components. In addition to DM, haloes include baryonic matter in different forms (see e.g. Allen et al. 2011). Cold and hot gas and non-thermal plasma constitute the intra-cluster medium (ICM), which highly reacts in collision processes, while the galactic component is less affected in merger events. This multi-component nature allows us to analyse GCs through different wavelengths, given that different physical processes take place in each case. For example, we use X-rays and radio observations to probe the ICM (Loewenstein 2003; Böhringer & Werner 2010; van Weeren et al. 2019), while visible and infrared (IR) data are used to analyse the galactic behaviour (see Biviano 2000, for a review). On the other hand, DM is better studied through weak-lensing techniques (Umetsu 2000), therefore the multi-wavelength observations provide a more complete view of the reality of GCs.
X-ray observations are often used to investigate the dynamical state of GCs. However, optical information is essential for studying the dynamics of cluster mergers (Golovich et al. 2019). The spatial distribution (obtained from photometric observations) and kinematics (retrieved using spectroscopic redshifts) of galaxy members allow us to identify substructures and to analyse possible pre- and post-merging scenarios. Moreover, optical data complement the X-ray information because ICM and galaxies react on different timescales during a collision (Roettiger et al. 1997), hence the importance of combining X-ray and optical data. In this context, we analyse in this work the dynamical state of the RXCJ1230.7+3439 (hereafter RXCJ1230) cluster of galaxies using X-ray and optical data.
RXCJ1230 was discovered using X-ray data by Appenzeller et al. (1998) under the designation ATZ98-D219 and by Böhringer et al. (2000) as part of the NORAS survey, with a redshift of z = 0.333. This cluster was also detected through its Sunyaev-Zeldovich (SZ) signal in the second Planck cluster catalogue (Planck Collaboration XXVII 2016). It was also detected in the Northern Sky Cluster Survey (Gal et al. 2003) and in the Sloan Digital Sky Survey (SDSS) by Wen et al. (2009) and Hao et al. (2010). RXCJ1230 contains a strong X-ray point source in the north of the cluster associated with the NVSS 123050+344257 radio galaxy, at the redshift of the cluster.
To date, there is little spectroscopic information on RXCJ1230 available in the literature and databases. For instance, only 15 spectroscopic redshifts are reported by SDSS-DR16 within a region of 15′ radius with respect to the centre of the cluster, which is insufficient to perform any detailed dynamical study. We therefore recently carried out multiobject spectroscopic observations at the TNG 3.5m telescope, obtaining new redshift data for 81 galaxies in the field of RXCJ1230. In addition, we also include photometric information retrieved from SDSS-DR16 and Pan-STARRS1 imaging archives. These data, together with X-ray information, will allow us to investigate the kinematics and dynamics of RXCJ1230, obtaining satisfactory answers for questions such as whether or not this is a merging cluster, whether it is in a pre- or a post-merger phase, and how well X-ray and dynamic mass estimates match. Here, we clarify the dynamical stage of RXCJ1230.
This paper is organised as follows. We describe the new spectroscopic observations and data samples in Sect. 2. In Sect. 3 we present our results about the selection of galaxy members, velocity and spatial distributions, and substructures. In Sect. 4, we present global properties, dynamical masses of the different structures, and a comparison with X-ray properties. In Sect. 5, we analyse the 3D dynamics of the complex and propose a plausible pre-merging scenario for RXCJ1230. At the end of this paper, in Sect. 6, we summarise our results and present our conclusions.
In this paper, we assume a flat cosmology with Ωm = 0.3, ΩΛ = 0.7 and H0 = 70 h70 km s−1 Kpc−1. Under this cosmology, 1 arcmin corresponds to 287 [image: equation] Mpc at the redshift of the cluster.
2. Data sample
2.1. Optical spectroscopy
We performed multi-object spectroscopic (MOS) observations of RXCJ1230 at the 3.5m TNG telescope in 2020 March, mapping a region of about 10′ × 10′ with two MOS masks and including a total of 92 slits. We used the DOLORES spectrograph and the LR-B grism1, which offers a wavelength coverage of between 370 and 800 nm with a spectral resolution of 2.75 Å per pixel. The total integration time was 3600 s per mask, divided into two exposures of 1800 s each. The combination of these two acquisitions allowed us to correct the spectra for cosmic rays.
The spectra were extracted using standard IRAF packages. The radial velocity computation was performed using the cross-correlation technique developed by Tonry & Davis (1979) and implemented as the task RVSAO.XCSAO in IRAF environment. This procedure correlates the features detected in the observed spectra (mainly Ca H and K doublet, Hδ, G band, MgI, in absorption and the most relevant emission lines such as OII, OIII doublet, Hα, Hβ and Hδ) with that present in the templates spectra. We used five different reference spectra of the Kennicutt Spectrophotometric Atlas of Galaxies (Kennicutt 1992), for five different morphologies (Elliptical, Sa, Sb, Sc and Irr types). This procedure yields radial velocity estimates and the corresponding errors due to the correlation technique applied. After rejecting the spectra with lower signal-to-noise ratio (S/N), we obtained 81 spectroscopic redshifts. In addition, we also consider 12 redshifts retrieved from the SDSS DR16 spectroscopic database present in the region sampled by the two-mask field of view around RXCJ1230.
A detailed comparison between redshifts derived from multiple measures of the same target (obtained from two different estimations in the two masks, or even between SDSS redshift and our estimate), we see that the nominal velocity errors provided by the cross-correlation technique are too small. Therefore, in order to convert this error into a realistic value, considering systematic errors, we need to multiply it by a factor of 2 (see e.g. Boschin et al. 2013).
Table 1 lists the full spectroscopic sample considered in this work (see also Fig. 1). Col. 1 lists an ID number (cluster members are indicated), Cols. 2 and 3 report the equatorial coordinates of galaxies in the J2000 system, Col. 4 the heliocentric radial velocity (v = cz) with errors (Δv), and Cols 5 and 6, the complementary photometric information (r′ and i′ dered magnitudes) retrieved from SDSS DR16. The last column includes some comments regarding particular features of some galaxies.
Table 1. 
Velocity catalogue of 93 galaxies measured spectroscopically in the RXJ1230 field.

	[image: thumbnail]	Fig. 1. Left panel: RGB colour composite image obtained by combining g′-, r′-, and i′-band images of 13′ × 10′ field of view from Pan-Starrs1 public archive. Circles and squares correspond to galaxy members and non-members, respectively, obtained from our spectroscopic observations and SDSS-DR16 spectroscopic database. Superimposed, we also show the contour levels of isodensity galaxy distribution of likely members (see Sect. 3.3). Right panel: same RGB image but overplotting the contour levels of the XMM-Newton image corresponding to the observation ID 0841900101. The X-ray contours were obtained after smoothing the original image using a Gaussian filter with σ = 6 arcsec. Point sources and emission from NVSS 123050+344257 radio galaxy (ID 78) have been removed, masking them with circular apertures of 10–20 pixels radius. In both panels, the BCG and BGs are also marked. North is up and east is left.



Our spectroscopic catalogue includes a total of 93 galaxy redshifts in a region of 9′ × 10′ arcmin (see Fig. 1, left panel). The MOS mask design was initially planned to cover the densest galaxy regions more efficiently. The majority of the spectroscopic redshifts therefore follow an elongated region in the NE–SW direction. Our full redshift sample presents a median S/N and cz error of 8 and 82 km s−1, respectively. We detect 12 star forming galaxies characterised by the presence of the [OII] emission line.
2.2. Optical photometry
We complement our redshift sample with photometric information retrieved from the SDSS DR16 database. We consider deredr′ and i′ magnitudes2. Galaxy counts in this region reveal the photometric SDSS sample is ∼90% complete for galaxies down to a magnitude of r′ = 21.5, which is in agreement with the mean SDSS DR12 depth estimations3. Comparing the spectroscopic and photometric samples in the area covered by MOS masks, we find that the completeness of the spectroscopic sample is ∼55% for galaxies down to magnitude r′ = 21. However, we are able to obtain redshifts even for galaxies with r′> 21.5. On the other hand, Pan-STARRS1 data archive4 was only used in order to retrieve RGB images and overplot density contours and galaxies with spectroscopic redshifts (see Fig. 1).
2.3. Complementary X-ray data
The XMM-Newton observations (ID 0841900101) and their data analysis, which complete our multi-wavelength study, are described in detail in Böhringer et al. (2022). Here, we only use X-ray data for a qualitative and morphological analysis. We use the 0.5 to 2.0 keV band, which provides the highest S/N above the background. In the present work we perform two minor modifications to the raw X-ray image. Firstly, we remove the point sources and emission from the NVSS 123050+344257 radio galaxy (ID 78) by masking them with circular apertures of 10–20 pixels radius. Secondly, we smooth the original image using a Gaussian filter with a FWHM = 12 arcsec. After this process, we obtain the X-ray surface brightness maps plotted as contours in the right panel of Fig. 1, overlaid to an optical colour composite image from the PanSTARSS survey (similarly as shown in Fig. 2 by Böhringer et al. 2022).
Analysis of the X-ray spectra in the different substructures of the cluster yields an intracluster plasma temperature of 4.7 ± 0.4 keV for the central main component, 4.4 ± 0.6 keV for the southwestern subcluster, and [image: equation] keV for the eastern structure (Böhringer et al. 2022). These authors also find that the temperature profile for the main component is not very steep, with a polytropic index of between isothermal and 1.2, and none of the components have a cool core. From the temperature and the shape of the intracluster gas distribution, Böhringer et al. (2022) obtained a hydrostatic mass estimate of the cluster components. They combined this result with mass estimates based on scaling relations of cluster mass with X-ray temperature, X-ray luminosity, total gas mass, and YX (the product of temperature and gas mass) to arrive at a consistent picture for the mass estimation; see Sect. 4.1 for a summary of X-ray mass and a comparison with the dynamical one.
3. Analysis and results
3.1. Member selection and global properties
To minimise the presence of interlopers, we applied a 2.7σv clipping in the cz coordinate, taking into account the radial profile of the expected velocity dispersion (Mamon et al. 2010). To this end, we applied an iterative method whereby, in a first step, we find the mean significant peak in the velocity distribution (v0 = ⟨cz0⟩) and estimate first velocity dispersion (σ0 = σv, 0) using the rms estimator. Considering these two values, in a second step, we select cluster members as galaxies with v <  v0 ± 2.7σ0. In the final step, we refine the estimation of the mean cz of the cluster and re-evaluate the velocity dispersion σv of the cluster. This simple three-step procedure yields stable and converging values of v̄ and σv in a fourth and subsequent step. Figure 2 shows the redshift distribution of the galaxies listed in Table 1.
	[image: thumbnail]	Fig. 2. Galaxy redshift distribution. Dashed vertical lines delimit the redshift range including 77 galaxy members assigned to RXCJ1230 according to 2.7σv clipping. The velocity distribution in the cluster rest frame of the 77 cluster members selected is superimposed. The black curve represents the reconstruction of the velocity distribution as a Gaussian profile, considering the σv computed using the biweight estimator and assuming all the galaxies belong to a single system. The velocity corresponding to the BCG is also marked.



To select cluster members out of the 93 galaxies in our spectroscopic sample, we followed a method based on the galaxy position in the 2D projected phase space (r, cz), where r is the projected distance from the cluster centre, and cz is the galaxy line-of-sight velocity (see Fig. 3, top panel).
	[image: thumbnail]	Fig. 3. Top panel: rest frame velocity versus projected distance to the cluster centre for the 77 galaxy members selected. The cluster centre is assumed to be the position of the BCG. Middle and bottom panels: integral profiles and LOS velocity dispersion, respectively. These values are computed by considering all galaxies within that radius. The first value computed is estimated from the first five galaxies closest to the centre. The error bars are at the 68% c.l.



In this way, we select 77 galaxy members with a v̄ = 99658 ± 161 km s−1 (z = 0.3324) with an rms of 969 ± 130 km s−1 (errors at 95% confidence leve [c.l.]) in the cluster rest frame. In order to verify these values, we also apply the bi-weight scale estimator (Beers et al. 1990) considering the 77 redshifts. We find [image: equation] km s−1. Thus, both rms and bi-weight estimators produce results in perfect agreement within errors. However, in order to check how robust this estimate is, we study the variation of σv with the distance to the centre of the cluster, which is taken to be the brightest cluster galaxy BCG) position. The bottom panel of Fig. 3 shows that the integral σv profile is flat beyond 0.7 Mpc, suggesting that the estimation of the σv is robust for the whole cluster. In the following analyses, we use the bi-weight estimator given its robustness in cases where the statistics clearly departs from the Gaussian distribution. In addition to the 77 members, we detect 6 galaxies in the foreground and 10 in the background of RXCJ1230.
We note that the BCG is not strictly the brightest galaxy of this complex cluster. The BCG is the brightest galaxy in the main body and the most massive clump of galaxies, and lies very close to the X-ray peak emission and the maximum of galaxy isodensity distribution (see Fig. 1). There are another four galaxy members even brighter than the BCG in RXCJ1230 (see Table 1 and Figs. 1 and 4) lying in the surrounding subclusters. These four bright galaxies are labelled as BGs in order to differentiate them from the actual BCG. These four galaxies can also probably be considered as BCGs of their respective subclusters, but we label them as BGs to keep the notation clear.
	[image: thumbnail]	Fig. 4. Colour–magnitude diagram (r′−i′,r′) of galaxies in a region of 12.4′ × 9.6′. Red symbols correspond to galaxy members confirmed spectroscopically (red dot corresponds to the BCG of the cluster). The solid line represents the red sequence defined as the densest locus in this diagram, which follows the linear fit r′−i′ =  − 0.028 * r′+1.118. Dashed lines delimit the region that encloses the RS and the blue cloud in this diagram. Galaxies included in this region are considered likely members, which are used to obtain the isodensity galaxy distribution shown in Fig. 1.



Another remarkable effect that we find is a clear dependence of the mean velocity on the clustercentric distance (see Fig. 3, middle panel). We notice that the inner region shows higher mean velocity, while regions surrounding the main body exhibit velocities of up to 500 km s−1 lower.
The BCG of RXCJ1230 (the ID 60) presents a velocity of 100 064 ± 28 km s−1, which is about 310 km s−1 higher than the mean velocity of the cluster. In addition to the BCG, with magnitude r′ = 18.49, we also detect two even brighter galaxies (IDs 22 and 21, with r′ = 17.90 and 18.07) located to the southwest. In addition to these bright galaxies (BGs), we identify two very bright galaxies showing BCG features. One of them is located to the south (the ID 61, with r′ = 18.69), and the other to the east (the ID 93, with r′ = 18.13). As Fig. 1 shows, the BCG and all BGs are very close to the X-ray peaks as recovered from XMM-Newton data. The BCG is coincident with the main (and central) body of the cluster, while the BG-W(1) and BG-W(2) are very close to the southwest X-ray peak. In a similar way, the BG-S is almost coincident with a small elongation of the X-ray surface brightness towards the south, and the BG-E is placed in the maximum of a weak X-ray emission located to the east of the cluster. As we discuss in following sections, each one of these BGs is linked to a corresponding substructure, configuring a complex multi-substructure cluster.
In addition to this set of BGs, we detect 12 galaxies showing [OII] emission lines, but only 4 of these galaxies are cluster members. The S/N and the spectral resolution of our data allow us to detect [OII] lines with equivalent widths > 8 Å. These emission line galaxies (ELGs; star-forming galaxies) are the IDs 5, 62, 80, and 84, and show [OII] equivalent widths of 15, 95, 12, and 18 Å, respectively. The ELG members represent 5.2% of the cluster members in our sample. This fraction indicates that the star-forming processes have been quenched in RXCJ1230, which is in agreement with the presence of high-galaxy-density environments with ICM showing high TX (Laganá et al. 2008).
3.2. Velocity field
Deviation from Gaussianity in the radial velocity distributions is a clear indicator that clusters present substructures (see e.g. Ribeiro et al. 2011). In order to check whether the velocity distribution of RXCJ1230 follows a Gaussian shape, we use two profile estimators, the skewness and kurtosis indexes. Positive skewness indicates the distribution is skewed to the right, with a longer tail to the right of the distribution maximum, while negative skewness indicates that the distribution is shifted and tailed to the left. On the other hand, positive values of the kurtosis indicate distributions presenting thinner tails (leptokurtic) than the normal distribution, while negative values indicate distributions with fatter tails (platykurtic). In our case, we obtain −0.038 and −0.532 for the skewness and kurtosis, respectively. These values suggest that the velocity distribution follows a slightly flatter shape than a normal one, and is quite symmetric. This implies that most of the substructures are probably placed close to the plane of the sky and no significant velocity deviations are expected in the radial component (along the line of sight).
3.3. Two-dimensional galaxy distribution
Given that our spectroscopic sample suffers from magnitude incompleteness and does not map the whole cluster field, we also adopt the photometric SDSS DR16 catalogues. Using the r′ and i′ SDSS DR16 photometry in a region of 12.4′ × 9.6′, we construct a (r′−i′ vs. r′) colour–magnitude diagram (CMD; see Fig. 4) and select likely members from there. First, we fit a red sequence (RS) to the spectroscopicaly confirmed members by fixing the slope to −0.028 following the prescription detailed in Barrena et al. (2012). We obtain r′−i′ =  − 0.028 × r′+1.118(±0.05). Then, in order to select both likely early-type members (placed in the RS) and galaxy members residing in the green valley and blue cloud (below the RS) in the CMD of the cluster (Eales et al. 2018), we select the locus defined by the RS ± 3 × rms as upper limit and −0.1615 × r′+3.37 as lower limit in r′−i′, respectively. In addition, we select galaxies down to r′ = 22.2. This locus in the CMD selects 618 likely galaxy members (dashed lines in Fig. 4) in the region considered.
The left panel of Fig. 1 shows the contour levels of the isodensity galaxy distribution of likely members. This map was obtained by evaluating the cumulative contribution of 618 Gaussian profiles (with σ = 1 arcsec width) centred on each individual member in a grid of 245 × 200 points. From this study we can assess that the cluster presents a central high-density clump (the main body) and the BCG (ID 60) coincident with the highest density peak. A secondary and very dense clump is seen towards the southwest and two very bright galaxies (IDs 22 and 21) are positioned very close to the corresponding peak of that clump. The isodensity contours show a clear elongation from the main body of the cluster to the south. This concentration of galaxies shapes a third small substructure towards the south also containing a BG (ID 61). Finally, a fourth galaxy clump that is not as clear in the isodensity contours but also contains a BG (ID 93) is located eastward. Thus, we detect three galaxy clumps (towards the southwest, south, and east, respectively, and following the order of a decreasing density) surrounding a very dense main cluster. Table 2 lists the precise positions and global properties for these four significant galaxy clumps.
Table 2. 
Positions and global properties of the whole cluster and the four galaxy clumps detected in RXCJ1230.

We note that the external regions of RXCJ1230 are particularly rich in substructures. The substructure configuration reported here using optical data, which is characterised by a central main body with three substructures around it, completely agrees with that observed and reported by Böhringer et al. (2022) using X-ray data retrieved by XMM-Newton. As Fig. 1 shows, the galaxy density contours (left panel) and X-ray surface brightness profile (right panel) are almost coincident and follow the same shape.
3.4. Spatial–velocity correlations
One of the most useful tools for verifying the existence of substructures is the study of spatial–velocity correlations. In this work, we use different techniques to analyse the structure of RXCJ1230 combining positions and velocities of galaxy members.
The presence of internal structures clearly influences the cluster velocity field. Therefore, in a first step, in order to investigate the RXCJ1230 complex, we divide galaxies into two samples. We search for possible bimodality through the presence of gaps in the velocity distribution, which could cause drops in the galaxy counts for some particular bins of the velocity histogram (see e.g. Fig. 4 in Barrena et al. 2007 for a clear bimodal configuration of Abell 773). In our case, the most important drop is that detected around −500 km s−1 (see Fig. 2, inner panel). Considering this drop of galaxy counts around −500 km s−1 as a possible frontier between two separate galaxy subsamples, we study the spatial distribution of galaxies with v <  −500 km s−1 and v ≥ −500 km s−1, respectively. We detect no differences between these two galaxy subsets and both populations are homogeneously distributed in space, which suggests that this drop in the velocity histogram is not representative of individual galaxy clumps.
In a second approach, we again divide the galaxy velocity sample into two sets: one containing low velocities with v < v̄, and a second subset with high velocities (v > v̄). In other words, the low- and high-velocity subsamples correspond to galaxies with negative and positive velocities with respect to the mean velocity in the cluster velocity rest frame (see inner panel of Fig. 2). We check the difference between the two distributions of galaxy positions. Figure 5 shows that low- and high-velocity galaxies are segregated, as we advance in Sect. 3.1. While high-velocity galaxies (red contours) shape the main body of the system, the low-velocity galaxies (blue contours) are placed in the three surrounding substructures. This can also be seen in Fig. 3 (middle panel), where ⟨v⟩ takes values of about 100 200 km s−1 for distances ∼0.3−0.4 Mpc and 99 700 km s−1 at > 1.2 Mpc.
	[image: thumbnail]	Fig. 5. Isodensity contours of spectroscopically confirmed galaxy members. Blue contours corresponds to the 2D distribution of galaxies with negative velocity with respect to the mean velocity in the cluster rest frame (see Fig. 2, inner panel). Similarly, red contours show isodensity levels for galaxies with positive velocity with respect to the mean cluster velocity. This plot is centred on the BCG marked with a large big dot. Blue dots correspond to BGs belonging to the corresponding clumps. Red and blue contours are plotted at the same density level.



We carry out a second test for checking this spatial–velocity segregation. We combine galaxy velocities and positions by computing the δ-statistics using the Dressler & Schectman (DS) test (Dressler & Shectman 1988), which looks for groups of galaxies showing deviations from the local velocity mean, or with velocity dispersion that differs from the global one. If one assumes a random distribution of velocities, one would expect such deviations to be proportional to the number of galaxy members, Δ ∼ N, for clusters without substructure or clusters with substructures with similar velocity dispersion and relative movement in the line of sight with respect to their main body. On the other hand, one would expect Δ >  N for clusters with substructures showing relative movements in the line of sight well differentiated from the main body, and/or even subclusters with lower velocity dispersion with respect to the main cluster. We find a cumulative deviation of Δ = 65 (at the 95% c.l., as estimated by computing 1000 Monte Carlo simulations), which is a value comparable to the number of members (77). This suggests that all of the substructures of RXCJ1230 move with no significant deviation in the line of sight component with respect to the main cluster body, which is in agreement with the finding we present in Sect. 3.2. In addition, the Δ value shows that no group has been detected that has a velocity dispersion that is very different from that of the whole cluster. However, the cumulative Δ is unable to provide information on the presence of possible individual galaxy clumps. This issue is explored in the following using the individual δ associated to each galaxy position and also obtained through the DS test.
Figure 6 illustrates the δ-statistics combined with the spatial distribution of the 77 cluster members. A square is plotted around each point of size proportional to exp(δi). Therefore, the larger the square, the larger the deviation (δ) of the local mean velocity from the global mean. Red squares correspond to galaxies with [image: equation] (where [image: equation] is the mean δi deviation of the 77 cluster members), while blue represents members with deviations [image: equation]. This plot shows that the most important substructures are mainly located east and southwest of the main body of the cluster. The galaxies of these groups present higher deviations than galaxies in the main body (centre). The main advantage of this method is that no a priori selections or assumptions about the positions of subclumps have to be imposed. Therefore, this finding is more parameter-independent and thus more robust.
	[image: thumbnail]	Fig. 6. Spatial distribution of the 77 cluster members, each marked by a square. The sizes of the squares are proportional to exp(δi), which is computed using the δi deviations obtained in the DS test. Red and blue squares separate populations showing deviations lower and higher than [image: equation], respectively. BGC and BG positions are marked with dots.



In summary, the study of the individual δ of the DS test provides us with valuable proof of the presence of substructures in the periphery of the cluster confirmed by high deviations from the mean velocity of the cluster in the external zones. This finding is in agreement with what we find in the 2D spatial distribution (see Sect. 3.3). In addition, the cumulative Δ is comparable to the number of cluster members, which suggests that no large relative movement of these substructures is expected in the radial component. Therefore, in agreement with what we find in Sect. 3.2, relative movements of subclusters with respect to the main body should be (almost) contained in the plane of the sky.
With the aim of identifying individual galaxies belonging to each substructure, we use a new 3D diagnostic test. We apply a 3D version of the Key Mixture Model (KMM; Ashman et al. 1994) algorithm in order to separate different components in velocity space. The KMM algorithm estimates the probability that a given galaxy belongs to a given component in an iterative procedure. The output from the algorithm is a list of galaxies associated with the cluster main body and with each additional substructure. However, it needs to start from an initial input configuration. In order to minimise the dependence of the final results of probabilities on the initial guess input, we run KMM with several (more than ten) initial random allocations to three galaxy populations composed of 25, 25, and 24 galaxies (the three easternmost galaxies have been excluded from this test given the redshift undersampling in this region5). The final result was always the same, converging into a very stable solution. The output set of probabilities always fits a three-group partition, assigning 9 and 7 galaxies to the southwestern and southern substructures, respectively, with > 95% probabilities according to the likelihood ratios obtained from KMM test. The remaining galaxies are assigned to the main cluster body. This galaxy allocation, for the main body and the two (southwestern and southern) substructures is shown in Fig. 7. On the other hand, the analysis of the p-value probability of obtaining this KMM result by chance is lower than 0.001 (< 0.1% probability). The substructure to the east was not identified through this technique mainly due to the lack of redshift information in this zone. However, the DS test shows high δi deviations in the surroundings of this region, around the (−3′,1′) position in Fig. 6.
	[image: thumbnail]	Fig. 7. Spatial distribution on the sky of the 77 cluster members. The 9 blue and 7 green dots correspond to the galaxies belonging to the southwestern and southern substructures identified with > 95% probability using the KMM procedure. Red dots correspond to galaxy members that are part of the cluster main body with different probabilities following the same algorithm. Black dots correspond to galaxies selected manually as part of the eastern clump according to their space–velocity segregation (see Fig. 5). Large dots mark the BCG and BGs.



4. Dynamical mass of RXCJ1230
On the basis of the results presented in the previous section, we can conclude that RXCJ1230 is composed of three substructures, which are spatially well separated in the sky. The main substructure is placed to the southwest with respect to the main body of the cluster, and contains two very bright galaxies, the BGs-W (1 and 2). A second substructure is located toward the south, which resembles a very compact group of galaxies dominated by a very bright galaxy, the BG-S. In addition, the spatial distribution of galaxies and the X-ray surface brightness map suggest the presence of a third clump located to the east and containing a BG.
Although RXCJ1230 is in a phase of interaction, the main system and the three surrounding substructures are still well separated and the 2D galaxy density distribution and BGs closely match their corresponding X-ray peaks. We can therefore assume that RXCJ1230 is in a pre-merging phase. Moreover, no shock fronts are detected in the X-ray surface brightness map, which are very commonly formed after collisions. It is therefore reasonable to assume that each substructure has not yet collided and is roughly in dynamical equilibrium, which allows us to compute virial quantities and estimate the mass of the whole cluster as the sum of the individual subclump masses.
Table 2 lists the kinematical properties of this complex, which is composed of a main central cluster surrounded by three substructures. Following the KMM test, we unequivocally associate 9 and 7 galaxies to the southwestern and southern substructures (see Fig. 7). This allows us to estimate a mean velocity and a rough velocity dispersion for these substructures: we obtain v̄SW = 98 810 ± 126 and v̄ S = 99 090 ± 192 km s−1 for the mean velocity of the substructures to the SW and S, respectively. In the same way, we estimate a velocity dispersion of σmain = 999 ± 160, σSW = 792 ± 230 for the main body (assumed to be composed of 58 galaxies) and the southwestern clump, respectively. The 7 galaxies identified in the southern substructure seem to configure a small compact group of galaxies with very low σv. In this case, we were only able to estimate an upper limit of σS <  300 km s−1. Regarding the eastern substructure, we assume that the mean velocity should be similar to its corresponding BG (99 100 km s−1); and in agreement with the low galaxy density and the low X-ray emission observed, the velocity dispersion (in this case computed as the rms) of these three galaxies is σE ∼ 500 km s−1. We obtain velocity dispersions for the eastern and southern substructures as guide values, and only consider these in order to extract information about the magnitude and the importance of such galaxy clumps in the context of the whole RXCJ1230 cluster.
Given that galaxies are tracers of the gravitational potential of a halo, it is possible to estimate the dynamical mass of a system from its velocity dispersion. We use the calculated σv and its relation with M2006 to determine the dynamical mass of RXCJ1230 and its substructures. In the literature, there are many scaling relations that can be used to obtain dynamical masses of clusters from their velocity dispersion. Some examples are those obtained by Evrard et al. (2008), Saro et al. (2013), Munari et al. (2013) and Ferragamo et al. (2020). All of these produce very similar values for the dynamical mass. However, in this work, we follow the prescription of Munari et al. (2013; see Eq. (1) therein), given that the relation they obtain is constructed using very complete simulations, which take into account not only dark matter particles but also subhaloes, galaxies, and AGN feedback. Therefore, following the σv − M200 relation of Munari et al. (2013), we find dynamical masses of M200 = 9.0 ± 1.5 × 1014 M⊙ and 4.4 ± 3.3 × 1014 M⊙ for the main cluster and the southwestern substructure, respectively. Regarding the eastern substructure, the velocity dispersion estimate is very inaccurate. This makes very difficult to determine its mass with a minimum of precision. However, applying the again the σv − M200 scaling relation, we obtain a rough estimate of ∼1 × 1014 M⊙ for the eastern clump. In order to compare these values with others in the literature (which mainly refer to M500), M200 can also be converted into M500 following the relation given by Duffy et al. (2008). M500 has been rescaled from M200 assuming a concentration parameter c = 3.5 (an appropriate value for clusters at z = 0.3 and M200 = 1014 − 1015 M⊙), integrating a Navarro-Frenk-White (NFW) profile (Navarro et al. 1997) and interpolating to obtain M500. In this way, we obtain M500 = 5.6 ± 1.0 × 1014 M⊙ and 2.7 ± 2.0 × 1014 M⊙ for the main cluster and the southwestern substructure, respectively, and a rough (and qualitative) value of M500 ∼ 0.7 × 1014 M⊙ for the eastern clump.
In addition to the mass, we can also estimate the virial radius, r200, which provides information about the quasi-virialised region, as the radius of a sphere of mass M200 and 200 times the critical density of the Universe at the redshift of the system, 200ρc(z). Therefore, [image: equation] H(z)2/G. Following this expression, we obtain r200 ∼ 1.8 and ∼1.5 [image: equation] Mpc for the main body and the southwestern substructure, respectively. We compile the radius and mass estimates in Table 2.
As for the whole mass of the system, the contribution of the eastern and southern groups is of minor importance because they likely have low velocity dispersion and M200 scales with [image: equation]. Thus, we can estimate a reliable total mass for the cluster as the sum of the main body and the other substructures; we obtain a total mass of M200 ≃ 1.4 ± 0.4 × 1015 M⊙.
In summary, RXCJ1230 is composed of a central main body accreting three substructures from its environment. The main substructure is the one to the southwest, which keeps a mass ratio of about 2:1 with respect to the main cluster. The substructure to the east is very small, because the velocity dispersion and mass estimate show a mass ratio of about 10:1 with respect to the main body. Something similar may occur with the southern substructure, which seems to be a very compact group with very low velocity dispersion. As we are not able to compute an accurate velocity dispersion for the E and S clumps, the values reported in Table 2 for these overdensities should be taken as qualitative results; however, they are important in order to characterise these minor subclumps. Our results agree with those of Böhringer et al. (2022) from X-ray data, supporting the validity of our findings.
4.1. Comparison with X-ray observations
By analysing X-ray data, Böhringer et al. (2022) also find a complex configuration of substructures around the main body of the cluster, which is elongated toward the south. The main substructure is placed to the southwest, while another minor clump is detected toward the east.
The detailed X-ray analysis of the RXCJ1230 complex is presented in Böhringer et al. (2022). In summary, these authors find that the X-ray temperature of the main body is 4.7 ± 0.4 keV, while the southwestern and eastern components show a TX = 4.4 ± 0.6 and 3.3 ± 0.6 keV, respectively. On the other hand, Böhringer et al. (2022) calculate the mass of gas inside r500, which is 3.45, 2.98, and 2.39 arcmin for the central, southwestern, and eastern cluster components, respectively, and use a β-model for the plasma density distribution. They assume a fix β-value of 2/3, which is typical for massive relaxed clusters. Finally, these authors adopted several scaling relations with LX, TX, YX, and Mgas and of M500(βfix) and find a total mass of M500, X = 7.7(±0.7) × 1014 M⊙.
The sum of dynamical masses corresponding to the main body and the southwestern clump, that is, the two main systems of RXCJ1230, is M500, dyn ≃ 9.0 ± 2.3 × 1014 M⊙. Comparing this value with that derived from X-ray, we see that M500, dyn and M500, X are in agreement within errors and they differ by about 15%.
Comparing the mass of individual clumps, Böhringer et al. (2022) find M500, X = 3.7 ± 0.5 × 1014 M⊙ within r500 in the main cluster, while we obtain M500, dyn = 5.6 ± 1.0 × 1014 M⊙. This discrepancy of about 30% may come from the fact that M500, dyn has been derived by converting M200 into M500. In fact, when considering only the 47 galaxy members with redshift within r500 (=3.45 arcmin =1 Mpc; see Table 3 in Böhringer et al. 2022), σv = 913 ± 133 km s−1 is obtained, which points to a mass of about M500, dyn ∼ 4.3 × 1014 M⊙, which is almost coincident with that derived from X-ray data. For the southwestern component, we find good agreement of the mass determination with M500, X = 2.5 ± 0.64 × 1014 M⊙ from X-rays and M500, dyn = 2.7 ± 2 × 1014 M⊙ from the galaxy dynamics. For the eastern component, a mass estimate is more difficult. However, even considering rough estimations, M500, dyn ∼ 1 × 1014 M⊙ and M500, X = 1.35 ± 0.3 × 1014 M⊙ roughly agree within errors.
5. Dynamics and merging
As pointed out above, both the main cluster and the three substructures are well detectable and optical and X-ray data indicate very similar locations. We are therefore seeing RXCJ1230 in a pre-merger phase. However, the velocity distribution and the not particularly well-resolved galaxy populations suggest that the substructures are starting to interact with the main cluster. With this scenario, the main collision will be produced between the substructure to the southwest involving a mass ratio of 2:1. We note that the X-ray temperatures of the main body and the substructure are very similar, namely TX, C = 4.7 ± 0.4 and TX, SW = 4.4 ± 0.6 keV (Böhringer et al. 2022) for the central main clump and the southwestern substructure, respectively, even though they show very different dynamical masses. Whereas typical X-ray temperatures of relaxed clusters with M500 ∼ 2.7 × 1014 M⊙ are about 3 keV (see e.g. Fig. 9 in Kettula et al. 2013, and references therein), the southwestern substructure could be starting to show an enhancement of its intra-cluster medium (ICM) temperature. This enhancement supports the fact that the main body and southwestern substructure are starting to collide.
When the merging scenario is assumed to explain an enhancement of the ICM temperature, a relative colliding velocity is needed to heat up the ICM (Gutierrez & Krawczynski 2005). Assuming that the two components are to cause a head-on collision and that their kinetic energies are completely converted to thermal energy, the colliding velocity is [image: equation] km s−1, following prescriptions detailed in Shibata et al. (1999), where μ and mp are the mean molecular weight (0.6) in amu, and the proton mass, respectively. Therefore, assuming an excess temperature of kΔT ∼ 1.5 keV, we find vcoll ≃ 850 km s−1, which is in very good agreement with the observed relative LOS velocity in the cluster rest frame, as computed from (v̄C−v̄SW)/(1+z) = 869 km s−1.
Two-body merging model. We investigate the relative dynamics of the main body (C) of RXCJ1230 and its main substructure, the southwestern (SW) one, which dominates the dynamics of the whole cluster with a mass ratio about 2:1. The remaining interactions, involving the southern and eastern substructures, are minor merger events with mass ratios of about 10:1. We analyse this C–SW interaction using different approaches based on an energy integral formalism in the framework of locally flat spacetime and Newtonian gravity (see e.g. Beers et al. 1982). The three relevant observable quantities for the two system interactions are: the relative line-of-sight velocity, Vr = 869 ± 153 km s−1; the projected physical distance, D = 0.97 [image: equation] Mpc (3.38 arcmin); and the total mass of the two systems by adding the masses of the two clumps within r200, Msys ∼ 13.4 ± 3.6 × 1014 M⊙ (see Sect. 4).
First, we consider the Newtonian criterion for the gravitational binding, which follows the expression [image: equation], where α is the projection angle between the line connecting the centres of the two clumps and the plane of the sky. Figure 8 represents the two-body model obtained. Considering the value of Msys, the C–SW system is bound between 6° and 86° with a probability of [image: equation] (i.e. 89%).
	[image: thumbnail]	Fig. 8. Two-body model applied to the main cluster and southwestern galaxy substructure (C–SW system). The black curve separates bound and unbound regions according to the Newtonian criterion. Solid curves represent the bound incoming (BI) and bound outgoing (BO) solutions. Blue and red curves denote the models for 706 and 1022 km s−1, which represent the marginal relative velocity between main cluster and substructure, considering the corresponding uncertainties. The horizontal lines represent the observational values of the total mass of the C–SW system, with it uncertainty (dashed lines).



We then apply the analytical two-body model introduced by Beers et al. (1982) and Thompson et al. (1982), (see also Lubin et al. 1998). This model assumes radial orbits and no rotation of the system. In addition, the clumps are assumed to start their evolution at t0 = 0 with a separation of d0 = 0 and are moving apart or coming together for the first time in the history. That is, with this model, we are assuming that we are seeing the cluster prior to collision (at t = 9.98 Gyr at the redshift of RXCJ1230). The solutions for this model are shown in Fig. 8, where we compare the total mass of the system, Msys, with the projection angle, α. The possible solutions span several cases: two bound incoming solutions (BIa and BIb) around 14°–20° and 74°–77°, respectively, and one bound outgoing (BO) at ∼85°. The incoming case is degenerated because of the ambiguity in the projection angle α. Therefore, for simplicity, we assume that the mean value in the incoming cases (BIa ∼ 17° and BIb ∼ 76°), and Msys values are equally probable for individual solutions. Under these assumptions, we estimate the following probabilities: PBIa ∼ 87%, PBIb ∼ 13%, and PBO ≪ 0.1%. We discard the BO solution because it is very unlikely and we analyse the BI ones below.
Between the two possible incoming solutions, α = 17° and α = 76°, the second one is quite unlikely. The solution of α = 76° (associated to the BIb solution) would imply a distance between clumps of ∼4.0 [image: equation] Mpc, which is more than twice r200. On the other hand, α = 17° (BIa) is the most likely solution, and for this case, the distance between the centres of C and SW would be ∼1.0 [image: equation] Mpc, which would explain a certain degree of interaction. Thus, when assuming α = 17°, the colliding velocity would be ∼3000 km s−1 and the cluster clumps would cross after ∼0.3 Gyr.
We acknowledge that the characterisation of the dynamics of RXCJ1230 through these models is affected by several limitations. First, the two-body model does not consider the possibility of an off-axis merger, or a mass distribution in the subclusters. Secondly, this study does not take into account the presence of minor subclusters (the southern and eastern clumps). Therefore, the model presented here remains one of the many possible collision scenarios for RXCJ1230.
6. Summary and Conclusions
We present findings for the kinematical and dynamical state of the complex galaxy cluster RXCJ1230.7+3439. Our study is based on new spectroscopic redshifts acquired at the 3.5m TNG telescope covering a region of ∼8′ × 8′. We also consider some SDSS DR16 spectroscopic redshifts in order to complement our sample. In addition, we use the SDSS photometry in a field of ∼13′ × 10′ to analyse the spatial distribution of likely cluster members. We select 77 galaxy cluster members around z = 0.332 and compute a LOS global velocity dispersion of [image: equation] km s−1.
Our analysis confirms the presence of three substructures surrounding the main body of the cluster, which are clearly recognisable in the plane of the sky in the 2D spatial distribution of galaxies. Moreover, we identify several bright galaxies dominating the core of each substructure. The most massive substructure is that located to the southwest, which shows σv ∼ 800 km s−1 and differs by ∼870 km s−1 from the main body in the LOS velocity. The southern substructure resembles a compact group of galaxies with very low velocity dispersion (σS <  300 km s−1), while we find that the eastern substructure shows σE ∼ 500 km s−1. The dynamical masses estimated from these velocity dispersions are M200 = 9.0 ± 1.5 × 1014 M⊙, 4.4 ± 3.3 × 1014 M⊙, and ∼1 × 1014 M⊙ for the main cluster and the southwestern and eastern substructures, respectively. Considering the complex structure of RXCJ1230, we estimate that the whole cluster contains a total mass in the range of M200 ≃ 1.4 ± 0.4 × 1015.
Given that the galaxy density peaks coincide with those observed in X-ray surface brightness, we infer that the system is taking part in a pre-merger event, where the main collision is that involving the main body and the southwestern clump. This interaction occurs with a mass ratio of 2:1 and an impact velocity of Δvrf ∼ 3000 km s−1. The most likely solution obtained from a two-body problem for these two systems suggests that the merging axis lies at ∼17° ( ± 3°) with respect to the plane of the sky and the systems will be completely joined in about 0.3 Gyr. However, a slight increase in the X-ray temperature (kΔT ∼ 1.5 keV) to the southwest may indicate that we are already observing a certain degree of interaction.


1 See http://www.tng.iac.es/instruments/lrs


2 dered magnitudes are the extinction-corrected values following Schlegel et al. (1998) reddening maps.


3 See https://www.sdss.org/dr12/imaging/other_info/


4 See https://ps1images.stsci.edu/cgi-bin/ps1cutouts


5 Including a fourth galaxy clump with the three easternmost galaxies does not produce a reliable KMM test result.


6 r200 is defined as the radius inside which the average mass density in the cluster is 200 times the critical density of the Universe at the cluster redshift. Similarly to r500 for its corresponding mass density. Therefore, M200 and M500 are the virial mass contained within r200 and r500, respectively.
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Table 1. 
Velocity catalogue of 93 galaxies measured spectroscopically in the RXJ1230 field.
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Table 2. 
Positions and global properties of the whole cluster and the four galaxy clumps detected in RXCJ1230.
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All Figures
	[image: thumbnail]	Fig. 1. Left panel: RGB colour composite image obtained by combining g′-, r′-, and i′-band images of 13′ × 10′ field of view from Pan-Starrs1 public archive. Circles and squares correspond to galaxy members and non-members, respectively, obtained from our spectroscopic observations and SDSS-DR16 spectroscopic database. Superimposed, we also show the contour levels of isodensity galaxy distribution of likely members (see Sect. 3.3). Right panel: same RGB image but overplotting the contour levels of the XMM-Newton image corresponding to the observation ID 0841900101. The X-ray contours were obtained after smoothing the original image using a Gaussian filter with σ = 6 arcsec. Point sources and emission from NVSS 123050+344257 radio galaxy (ID 78) have been removed, masking them with circular apertures of 10–20 pixels radius. In both panels, the BCG and BGs are also marked. North is up and east is left.
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	[image: thumbnail]	Fig. 2. Galaxy redshift distribution. Dashed vertical lines delimit the redshift range including 77 galaxy members assigned to RXCJ1230 according to 2.7σv clipping. The velocity distribution in the cluster rest frame of the 77 cluster members selected is superimposed. The black curve represents the reconstruction of the velocity distribution as a Gaussian profile, considering the σv computed using the biweight estimator and assuming all the galaxies belong to a single system. The velocity corresponding to the BCG is also marked.
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	[image: thumbnail]	Fig. 3. Top panel: rest frame velocity versus projected distance to the cluster centre for the 77 galaxy members selected. The cluster centre is assumed to be the position of the BCG. Middle and bottom panels: integral profiles and LOS velocity dispersion, respectively. These values are computed by considering all galaxies within that radius. The first value computed is estimated from the first five galaxies closest to the centre. The error bars are at the 68% c.l.
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	[image: thumbnail]	Fig. 4. Colour–magnitude diagram (r′−i′,r′) of galaxies in a region of 12.4′ × 9.6′. Red symbols correspond to galaxy members confirmed spectroscopically (red dot corresponds to the BCG of the cluster). The solid line represents the red sequence defined as the densest locus in this diagram, which follows the linear fit r′−i′ =  − 0.028 * r′+1.118. Dashed lines delimit the region that encloses the RS and the blue cloud in this diagram. Galaxies included in this region are considered likely members, which are used to obtain the isodensity galaxy distribution shown in Fig. 1.
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	[image: thumbnail]	Fig. 5. Isodensity contours of spectroscopically confirmed galaxy members. Blue contours corresponds to the 2D distribution of galaxies with negative velocity with respect to the mean velocity in the cluster rest frame (see Fig. 2, inner panel). Similarly, red contours show isodensity levels for galaxies with positive velocity with respect to the mean cluster velocity. This plot is centred on the BCG marked with a large big dot. Blue dots correspond to BGs belonging to the corresponding clumps. Red and blue contours are plotted at the same density level.
In the text



	[image: thumbnail]	Fig. 6. Spatial distribution of the 77 cluster members, each marked by a square. The sizes of the squares are proportional to exp(δi), which is computed using the δi deviations obtained in the DS test. Red and blue squares separate populations showing deviations lower and higher than [image: equation], respectively. BGC and BG positions are marked with dots.
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	[image: thumbnail]	Fig. 7. Spatial distribution on the sky of the 77 cluster members. The 9 blue and 7 green dots correspond to the galaxies belonging to the southwestern and southern substructures identified with > 95% probability using the KMM procedure. Red dots correspond to galaxy members that are part of the cluster main body with different probabilities following the same algorithm. Black dots correspond to galaxies selected manually as part of the eastern clump according to their space–velocity segregation (see Fig. 5). Large dots mark the BCG and BGs.
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	[image: thumbnail]	Fig. 8. Two-body model applied to the main cluster and southwestern galaxy substructure (C–SW system). The black curve separates bound and unbound regions according to the Newtonian criterion. Solid curves represent the bound incoming (BI) and bound outgoing (BO) solutions. Blue and red curves denote the models for 706 and 1022 km s−1, which represent the marginal relative velocity between main cluster and substructure, considering the corresponding uncertainties. The horizontal lines represent the observational values of the total mass of the C–SW system, with it uncertainty (dashed lines).
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      Fig. 5. 
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        Isodensity contours of spectroscopically confirmed galaxy members. Blue contours corresponds to the 2D distribution of galaxies with negative velocity with respect to the mean velocity in the cluster rest frame (see Fig. 2, inner panel). Similarly, red contours show isodensity levels for galaxies with positive velocity with respect to the mean cluster velocity. This plot is centred on the BCG marked with a large big dot. Blue dots correspond to BGs belonging to the corresponding clumps. Red and blue contours are plotted at the same density level.

      

    

  
    
      Fig. 7. 
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        Spatial distribution on the sky of the 77 cluster members. The 9 blue and 7 green dots correspond to the galaxies belonging to the southwestern and southern substructures identified with > 95% probability using the KMM procedure. Red dots correspond to galaxy members that are part of the cluster main body with different probabilities following the same algorithm. Black dots correspond to galaxies selected manually as part of the eastern clump according to their space–velocity segregation (see Fig. 5). Large dots mark the BCG and BGs.
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