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Abstract

Context. The rapidly improving quality and resolution of both low surface brightness observations and cosmological simulations of galaxies enable us to address the important question of how the formation history is imprinted in the outer unrelaxed regions of galaxies, and to inspect the correlations of these imprints with another tracer of galaxy formation, the internal kinematics.

Aims. Using the hydrodynamical cosmological simulation called Magneticum Pathfinder, we identified tidal tails, shells, streams, and satellite planes, and connected them to the amount of rotational support and the formation histories of the host galaxies. This presents the first combined statistical census considering all these four types of features in hydrodynamical cosmological simulations.

Methods. Tidal features were visually classified from a three-dimensional rendering of the simulated galaxies by several scientists independently. Only features that were identified by at least half of the participating individuals were considered to be existing features. The data on satellite planes and kinematic properties of the simulated galaxies were taken from previous work. The results were compared to observations, especially from the MATLAS survey.

Results. Generally, prominent features are much more common around elliptical than around disk galaxies. Shells are preferentially found around kinematically slowly rotating galaxies in both simulations and observations, while streams can be found around all types of galaxies, with a slightly higher probability to be present around less rotationally supported galaxies. Tails and satellite planes, however, appear independently of the internal kinematics of the central galaxy, indicating that they are formed through processes that have not (yet) affected the internal kinematics. Prolate rotators have the overall highest probability to exhibit tidal features, but the highest likelihood for a specific type of feature is found for galaxies with kinematically distinct cores (KDCs), nearly 20% of which exhibit streams.

Conclusions. As shells are formed through radial merger events while streams are remnants of circular merger infall, this suggests that the orbital angular momentum of the merger event plays a more crucial role in transforming the host galaxy than previously anticipated. The existence of a shell around a given slow rotator furthermore is a sign of a radial merger formation for this particular slow rotator because one-third of the galaxies with a shell were transformed into slow rotators by the merger event that also caused the shells. The appearance of a stream around a KDC is a direct indicator for the multiple merger formation pathway of that KDC as opposed to the major merger pathway.
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1. Introduction
The outer stellar regions of galaxies encode clues about their formation histories because the relaxation times are longer. Because these outskirts have a low surface brightness (LSB), deep imaging is necessary to detect faint structures that are created through tidal interactions and mergers with other galaxies and that therefore store information about the merger history (e.g., Johnston et al. 2008). A central question in galaxy physics is how details about the formation history of a galaxy may be inferred through its present-day properties. Finding connections between these tidal features and the internal properties of a galaxy, which are less difficult to observe, and connecting them to different aspects of the formation history therefore is an important step toward deciphering galaxy evolution. These tidal features, that is, shells, streams, or tidal tails, have recently been examined more closely through deep observations (e.g., Bílek et al. 2020) and high-resolution simulations (e.g., Karademir et al. 2019) with the aim of better understanding their connection with the merger histories of galaxies.
To study tidal features in a more statistically significant way, LSB features have been systematically classified in galaxy surveys such as MATLAS (Duc et al. 2015; Bílek et al. 2020; Sola et al. 2022) or the Stellar Stream Legacy Survey (Martínez-Delgado et al. 2023). The features are often identified through visual inspection, but fully automated approaches have been developed as well. However, these automated methods sometimes have problems that are created through their sensitivity to LSB features (Sola et al. 2022).
Methods of identifying tidal features have also been applied to simulations. The possibility of tracing back individual galaxies and their tidal features through time enables us to directly connect the LSB structures to the formation histories of galaxies: Shells typically form through mergers on radial orbits and streams through mergers on circular orbits (e.g., Amorisco 2015; Hendel & Johnston 2015; Pop et al. 2018; Karademir et al. 2019). Investigating the survival timescales in addition to the origin of different tidal features, Mancillas et al. (2019) found that shells and streams survive longest and tails are the shortest-lived features. Studies of the appearance of certain tidal features have also been performed in hydrodynamical cosmological simulations, such as for shells by Pop et al. (2018), who found that more massive galaxies are more likely to have shells around them and that shells are typically created through infalling satellites with low orbital angular momenta. Blumenthal et al. (2020) studied the occurrence of tidal features in simulations in the context of interacting galaxies and reported that tidal features and disturbed morphologies are more likely to be observed around interacting pairs of galaxies. Vera-Casanova et al. (2022) found that the brightest stellar streams formed from early accretion events.
While tidal features typically indicate ongoing or past encounters and mergers with other galaxies, many galaxies still reside in the outskirts of the host galaxy, forming its satellite population. These are expected to eventually merge with the central galaxy in the future, potentially forming tidal features in the process. Therefore, these satellites are reservoirs for future tidal features. In this paper, we are also interested in the question whether the appearance of tidal features is influenced by the infall of satellite galaxies being isotropic or anisotropic, that is, whether they are more common around galaxies whose satellites are aligned in planes. Lynden-Bell (1976) already found that the Magellanic Clouds and a number of globular clusters form a thin plane around the Milky Way. More satellites have been identified to lie within this plane since then (e.g., Kroupa et al. 2005). Other well-known systems with satellite planes are the Andromeda galaxy (e.g., Ibata et al. 2013) and Centaurus A (e.g., Müller et al. 2018). More recently, Heesters et al. (2021) found that about 25% of MATLAS galaxies feature a flattened satellite plane in their outskirts.
Satellite planes have been studied in cosmological simulations as well: Some studies reported that very few systems have planes like this (e.g., Pawlowski et al. 2014), whereas others found a better agreement with observations (e.g., Wang et al. 2013; Förster et al. 2022). Simulations furthermore suggest that the arrangement of satellites is connected to the surrounding cosmic web (e.g., Welker et al. 2018), or, like tidal features, may also be the result of galaxy interactions and mergers (e.g., Pawlowski et al. 2011; Smith et al. 2016; Bílek et al. 2018). Some studies have concluded that thin planes of satellite galaxies are short-lived (Fernando et al. 2017). However, the connection of these satellite planes to the central galaxy and their tidal features is still debated.
A direct imprint of the formation history of a galaxy is also found in its kinematics. While late-type galaxies (LTGs) usually exhibit regular rotation patterns, early-type galaxies (ETGs) show a wide variety of rotational properties. A kinematic classification of ETGs was introduced by Emsellem et al. (2007, 2011) for the SAURON and ATLAS3D surveys, where ETGs are split into fast and slow rotators, depending on how rotationally supported they are. These rotation patterns are closely related to the formation of the galaxy, and slow rotators usually indicate a more violent accretion history (e.g., Schulze et al. 2018, 2020; Lagos et al. 2022). Moreover, special kinematic features such as kinematically distinct cores (KDCs) have been shown to indicate specific formation pathways. For example, large, old KDCs are formed through minor and mini mergers, in which only the inner rotating old disk is preserved (Schulze et al. 2020), while small, young KDCs consist of stars that formed during major mergers with gas fractions of 15−40% (Hoffman et al. 2010) that occurred within the last 3−4 Gyr (Schulze et al. 2017). Prolate rotation patterns have been discussed to originate from overly excessive merging, often through radial orbits, but no clear singular formation pathway has been established for these galaxies so far (Ebrová & Łokas 2017; Hegde et al. 2022).
As both the internal kinematics and the faint structures found in the outskirts of galaxies are remnants of their formation history, we investigate the correlation between these two tracers in simulations and observations in this work. We consider features related to interactions and mergers with other galaxies and their remnants, that is, tidal features, and also satellite planes. We first introduce the simulations and observations in Sect. 2, followed by the details of our methods and the definition of the relevant properties in Sect. 3. Finally, the results are presented and discussed in Sect. 4, and we conclude in Sect. 5.
2. Simulations and observations
2.1. The Magneticum Pathfinder simulations
The galaxies classified in this work were extracted from the Magneticum Pathfinder1 simulation suite (Dolag et al., in prep.), which consists of hydrodynamical cosmological simulations performed with GADGET-3, an extended version of GADGET-2 (Springel 2005; for details of the implementations, see Teklu et al. 2015). In particular, we used Box4 (uhr) (side length: 68 Mpc, with a stellar particle mass ⟨m*⟩ = 1.3 × 106 M⊙ h−1 and a softening length ϵ* = 1 kpc). Galaxies were identified using a modified version of SUBFIND adapted for baryonic matter (Springel et al. 2001; Dolag et al. 2009).
The galaxies from Magneticum Box4 (uhr) have been shown to agree well with observations, including their angular momenta (Teklu et al. 2015), kinematics (Schulze et al. 2018, 2020; van de Sande et al. 2019), dynamics (Remus et al. 2017; Teklu et al. 2017; Harris et al. 2020), and their in situ component fractions (Remus & Forbes 2022).
In this work, we included all main galaxies with virial masses Mvir ≥ 7.1 × 1011 M⊙ and stellar masses M* ≥ 2.4 × 1010 M⊙ to ensure a sufficient resolution for identifying stellar tidal features. Additionally, we limited the sample to galaxies with stellar half-mass radii larger than 2 kpc, that is, twice the stellar softening length (following Schulze et al. 2018). The resulting sample consists of 520 galaxies. Their ellipticities and λRe-values (a 2D projected proxy for the angular momentum within the effective radius, Re; see Sect. 3.3 for more details) at one half-mass radius were taken from Schulze et al. (2018) and the satellite plane properties were adopted from Förster et al. (2022). For more details of these properties, we refer to the original papers.
2.2. The MATLAS sample
The observational comparison sample was taken from the MATLAS survey (introduction by Duc et al. 2015; the full sample was presented by Bílek et al. 2020; the dwarf galaxy sample was presented by Habas et al. 2020), which includes 177 massive ETGs with deep optical images. The MATLAS sample is part of the ATLAS3D sample (Cappellari et al. 2011), which comprises 260 nearby galaxies (< 42 Mpc) as a complete volume-limited sample. The MATLAS sample contains all ATLAS3D galaxies that do not belong to the Virgo cluster and are not located near bright stars.
Specifically, we used the results obtained by Bílek et al. (2020) for the tidal features around the 177 MATLAS galaxies, where tidal shells, streams, and tails were visually identified, and we used the identifications of satellite planes from Heesters et al. (2021). The ellipticities and λRe values at one effective radius were taken from Emsellem et al. (2011).
3. Methods and definitions
For the comparison between the simulated and observed galaxies, we introduce in the following the different features and properties we used. These include the tidal features we classified, the method with which the satellite planes were identified, and the distinction between fast and slow rotators.
3.1. Tidal features: Shells, streams, and tidal arms
The three types of tidal features we considered are shells, streams, and tails. Examples of each feature are shown in Fig. 1. They indicate past or ongoing gravitational interactions with other galaxies. Shells appear as circular arcs centered around a galaxy (top panel of Fig. 1). They have sharp outer borders and are thought to form through the radial infall and disruption of (massive) satellites (e.g., Quinn 1984; Pop et al. 2018; Karademir et al. 2019; Bílek et al. 2022). Streams are thin slivers of stars around the host galaxy (middle panel of Fig. 1) that are formed through the tidal disruption of an infalling galaxy on a circular orbit (e.g., Karademir et al. 2019; Tutukov et al. 2021). Tails are stellar arms that are stripped from the host galaxy (bottom panel of Fig. 1). They are the result of tidal interaction with another galaxy, where the interaction is either ongoing or occurred recently, up to 2 Gyr ago (Mancillas et al. 2019).
	[image: thumbnail]	Fig. 1. Mock images of simulated galaxies from Magneticum Box4 (uhr) with prominent tidal features: Shells (top; the outer two shells are marked), a stream (middle), and tails (bottom). The mock images were created with the software from Martin et al. (2022) for the r band.



We classified the galaxies in Magneticum with respect to the existence of these tidal features by visual inspection of the 3D stellar component to find any sufficiently prominent features independent of their orientation and possible projection effects. Similar to the classification of Bílek et al. (2020) for the MATLAS sample, many people visually classified the galaxies, and no detection algorithm was used. A key difference between the classification methods is that the simulated galaxies were viewed in 3D, whereas the observations of the MATLAS galaxies only provide data for one projection. We opted for this approach to use the full potential of the simulation and find the actually existing tidal features around the simulated galaxies to obtain results independent of projection because Pop et al. (2018) found, for example, that the shells of only 40% of the galaxies with shells are visible in all three considered projections, whereas most shells are only visible in two projections. By performing the classification in 3D, we aimed to find all tidal features, which enabled us to investigate the underlying connection of the features with the formation history and especially galaxy kinematics. The comparison to observations is intended to determine whether the same trends are found in observations. The comparison is not intended as a verification of the simulation. A verification like this has already been shown in previous studies, especially for the kinematics (Teklu et al. 2015; Schulze et al. 2018, 2020).
Seven scientists (two of which are experienced scientists in galaxies and their dynamics, while the other five were instructed through observed examples about the look of the different tidal features) participated in the classification, for which they were presented with a 3D rendering of a given galaxy that was rotated to be viewed from all sides. The local environment around the individual galaxies was visible as well. The classification was performed independently by the participants. Each person stated whether they identified any tidal shells, streams, and tails, or no features. Analysis of the classifications did not result in a significant difference between the classifications of the experienced and less experienced scientists. One difference to point out is that the more experienced scientists found that more galaxies had streams. However, this difference was negligibly small.
In the following, we consider a galaxy to have a given tidal feature if at least half of the participants were in favor of this. For the MATLAS classification by Bílek et al. (2020), this is considered to be the case if the classification score is at least 1 (the maximum score for them is 2, where 1 means that the respective feature is likely to be present).
We did not emulate a surface brightness limit cut for the simulations in this study. We refrained from this approach for the following reason: First, we would have had to introduce a model to obtain luminosities from the simulated masses, which has its own set of uncertainties, especially as we wished to make the comparison based on the true 3D findings from the simulations, as discussed above. Furthermore, the intrinsic mass resolution of the simulation results in a surface brightness limit that by chance is similar to that of the MATLAS survey when a constant mass-to-light ratio is assumed (see also Remus & Forbes 2022 for more details of surface brightness comparisons for the simulation). While this should be kept in mind, we therefore do not consider the comparability to be an issue given the fortunate similarity between the simulation resolution and the surface brightness limits of the MATLAS survey.
3.2. Satellite planes
We considered a galaxy to have a satellite plane when at least 80% of its satellite galaxies build a plane with a thickness ≤0.2 Rvir and when the in-plane angular momentum makes up at least 90% of their total angular momentum. These properties were computed through the momentum in the thinnest plane (MTP) method (Förster et al. 2022).
3.3. Fast and slow rotators, and kinematic classes
To distinguish fast from slowly rotating ETGs, we followed the approach taken by Emsellem et al. (2011). They determined an empirical cut in the λRe − ϵe plane, where ϵe is the ellipticity at the effective radius. The λR value was introduced by Emsellem et al. (2007) as part of the SAURON project, defined as
[image: thumbnail](1)
with the projected radius R, the line-of-sight velocity V, the line-of-sight velocity dispersion σ, and the flux-weighted averages ⟨ ⋅ ⟩. The adaptation for simulations, where no fluxes but only the masses M are available, requires ⟨ ⋅ ⟩ to be the mass-weighted averages over the quantities (e.g., Jesseit et al. 2009; Naab et al. 2014; Schulze et al. 2018), assuming a constant mass-to-light ratio (see Schulze et al. 2018 for more details). As defined by Emsellem et al. (2011), galaxies that fulfill [image: equation] are classified as fast rotators, and all other galaxies are classified as slow rotators.
We obtained these parameters for the simulated galaxies from the simulation for the edge-on projections of the galaxies because this maximizes the λRe values, and thus, the full kinematic properties are best identified. The distribution of λR − ϵ using random projected values are, however, comparable to observations, as shown by Schulze et al. (2018) and van de Sande et al. (2019), who not only compared the simulation to observations from SAMI and ATLAS3D, but also to other cosmological simulations.
Galaxies were further classified based on their kinematic patterns within the half-mass radius. The classes used for this study are regular rotators, nonrotators, KDCs, and prolate rotators, based on the classifications from Schulze et al. (2018). These classes are similar to those presented by Krajnović et al. (2011) for ATLAS3D galaxies, with the addition of the prolate rotators as an individual class, while the KDCs encompass all galaxies with separate cores independently of the outer rotation pattern.
3.4. Morphological classes
The galaxies from Magneticum were subdivided into morphological types using the classification from Teklu et al. (2017) based on the b value (Teklu et al. 2015), which is a good proxy for distinguishing LTGs from lenticular galaxies and ETGs (Romanowsky & Fall 2012; Teklu et al. 2015). The parameter is based on the location of the galaxies in the stellar mass-stellar angular momentum plane and has been shown to successfully determine the morphological galaxy types in simulations (e.g., Teklu et al. 2017; Schulze et al. 2018; Emami et al. 2021). We distinguished between clear disk galaxies (LTGs), clear elliptical galaxies (ETGs), and intermediate galaxies. The latter mostly contain S0-like galaxies and are thus often associated with ETGs. In this work, we treated them separately because the formation pathways of S0 galaxies can differ from those of typical elliptical galaxies and are still debated.
4. Results
4.1. Feature statistics and mass, morphology, and size
When the galaxies with a given tidal feature are highlighted in the mass-size relation, all three types of tidal features occur at all sizes and masses, with a clear preference for larger and more massive systems (first three panels of Fig. 2), that is, the fraction of galaxies with tidal features increases with stellar mass (Fig. 3). The figure also shows that the given mass bins have a larger fraction of galaxies with shells in MATLAS than in Magneticum, even though the MATLAS sample does not include the most massive galaxies with M* > 5.5 × 1011 M⊙, and thus, the highest-mass bin cannot be compared to MATLAS. The lowest-mass bin also includes relatively more streams and tails in MATLAS galaxies. Similarly, relatively more MATLAS galaxies have any one type or multiple types of tidal feature around them than in Magneticum. To cover the high-mass end, we included the tidal feature measurements around brightest cluster galaxies (BCGs) by Tal et al. (2009) and Kluge et al. (2020). The observations of Tal et al. (2009) for shells around BCGs are consistent with the simulated fraction in the highest-mass bin, while the observations from Kluge et al. (2020) are lower bounds for the fractions of shell and stream galaxies because of the large distance to their observed BCGs (see Kluge et al. 2020). Simulations and observations both indicate that tidal features are generally more common around more massive galaxies, and multiple features are the most common around BCGs.
	[image: thumbnail]	Fig. 2. Mass-size relation of the Magneticum galaxy sample. Galaxies are classified as having tidal features or satellite planes in color.



	[image: thumbnail]	Fig. 3. Fraction of galaxies with a given tidal feature (first three panels), any of the three tidal feature types (fourth panel), or a combination of multiple different types of features (fifth panel), ffeat, in three stellar mass bins for Magneticum, MATLAS (Bílek et al. 2020), and for brightest cluster galaxies (BCGs) from Tal et al. (2009) and Kluge et al. (2020). The masses for MATLAS galaxies are taken from the dynamical masses obtained by Cappellari et al. (2013), which roughly correspond to the stellar masses. The vertical lines indicate the 1σ uncertainties.



When only galaxies with stellar masses M* ≥ 1011 M⊙ are considered, about 10% to 30% have a given tidal feature (see Table 1). Streams are by far the most common of these tidal features, while shells and tails are found with similar frequencies. The occurrence of shells in 11 ± 3% of the Magneticum galaxies agrees within the uncertainty limits with 12% from Atkinson et al. (2013), who used a different stellar mass range and somewhat different categories (see the discussion by Bílek et al. 2020), and 17 ± 7% from Bílek et al. (2020) for MATLAS (for the same stellar mass cut of 1011 M⊙), but the uncertainty range does not reach the lower limit of 18 ± 3% from Pop et al. (2018) for the Illustris simulation. The fraction of galaxies with streams in Magneticum (29 ± 5%) is consistent with the 25 ± 9% found for MATLAS. Finally, the fraction of galaxies with tails in Magneticum (12 ± 4%) is larger than that in MATLAS (6 ± 4%), although the values are consistent within the uncertainty limits. Overall, the abundance of stellar tidal features found in the Magneticum Box4 simulation for the galaxies with higher stellar masses is consistent with previous findings.
Table 1. 
Number and fraction of galaxies with a type of tidal feature.

The numbers of galaxies in each morphological class containing tidal features are listed in Table 2. While shells preferentially occur around ETGs, streams are found to be equally likely in all three types, and tails are more likely in intermediate galaxies and LTGs, although the uncertainty ranges overlap in the latter case. Because a number of galaxies feature multiple tidal structures in their outskirts, we also determined the fraction of galaxies that contains at least one type of tidal feature (shells, streams, or tidal arms): 18 ± 3% of ETGs, 17 ± 4% of intermediate type galaxies, and 17 ± 6% of LTGs. Overall, the fractions of LTGs (2 ± 2%) are similar, with multiple types of tidal feature as for intermediate-type galaxies (3 ± 2%) and ETGs (3 ± 2%).
Table 2. 
Numbers and fractions of ETGs, intermediates (Intm.), or LTGs with shells, streams, tails, or satellite planes.

For the satellite planes, we find that only galaxies with stellar masses ≲1011 M⊙ are surrounded by thin planes of satellites. This is consistent with the results from Förster et al. (2022), who found that the more massive systems lack thin planes. We find indications that planes are slightly more common around LTGs (26 ± 8%) than ETGs (17 ± 3%), with the intermediate galaxies in between (22 ± 4%). This does not reflect the findings for tidal features and clearly shows that the appearance of satellite planes is not directly connected to the appearance of tidal features. This shows that tidal features do not depend on the large-scale inflow field, but rather on the orbits and mass ratios of the infalling satellites.
The fraction of galaxies with a plane of satellites of the galaxies with certain tidal features shows a consistent behavior between the simulation and observations (Fig. 4). The largest difference is found for galaxies with shells, where there is an indication that more observed shell galaxies are surrounded by satellite planes. There is also an indication that the fraction of galaxies without features (last vertical bar) surrounded by a satellite plane is larger than for galaxies with tidal features (first four bars). This means that there may be a slight preference for satellite planes to occur around galaxies without tidal features. The same slight trend is also found when we compare the fraction of galaxies with any type of tidal feature for galaxies with satellite planes versus galaxies without satellite planes: 13 ± 4% of the simulated galaxies (25 ± 9% for observed galaxies) with a satellite plane have at least one type of tidal feature, while 19 ± 3% (31 ± 5%) of the galaxies without a satellite plane have at least one type of tidal feature.
	[image: thumbnail]	Fig. 4. Fraction of galaxies with a satellite plane for different types of galaxies in Box4 (uhr) (Förster et al. 2022) and MATLAS (Bílek et al. 2020; Heesters et al. 2021): galaxies with shells, streams, tails, at least one of these features, and with none of these features. The vertical lines indicate the 1σ uncertainties.



4.2. Correlations of tidal features and satellite planes with kinematic classes
Using the kinematic classification for the simulated galaxies from Schulze et al. (2018) as described in Sect. 3.3, we determined the numbers and fractions of galaxies with the different kinematic classes that have the respective tidal features or a satellite plane (Table 3). In the table, we combined the distinct core (DC) and KDC classes into a single class of KDCs (as also done by Valenzuela et al. 2024; Remus et al., in prep.). The trend emerges that regular rotators are less likely to have tidal features, with the exception of tidal tails, which are found at a similar fraction around nonrotators and regular rotators. In contrast, nonrotators and especially prolate rotators have higher overall fractions of shells and streams than regular rotators, although the uncertainty limits overlap in part due to low number statistics.
Table 3. 
Numbers and fractions of galaxies, with the given kinematic class having shells, streams, tails, or satellite planes.

We again determined the fraction of galaxies that contains at least one type of tidal feature (shells, streams, or tidal arms): 12 ± 3% of regular rotators, 19 ± 5% of nonrotators, 27 ± 11% of KDCs, and 44 ± 17% of prolate rotators. The much higher fraction of prolate rotators with at least one type of tidal feature compared to any single given feature shows that they are more likely to contain multiple tidal features in their outskirts, whereas the overlap of different types of features around a galaxy is less pronounced for the other kinematic classes.
These results agree with those from Ebrová et al. (2021), who found that a large fraction of observed prolate rotators are surrounded by multiple shells, and all of them show signs of interactions. Their determined fraction of 10 out of 19 systems (53 ± 17%) is significantly higher than the 3 out of 16 Magneticum galaxies (19 ± 11%). However, when we consider only the simulated prolate galaxies with stellar masses of ≥1011 M⊙, which all but one of the galaxies considered by Ebrová et al. (2021) satisfy (but only 9 of our 16 galaxies), we find that 3 out of 9 galaxies have shells (33 ± 20%), which is consistent within the uncertainty limits with the observed fraction of 9 out of 18 from that study (50 ± 17%). This reflects the mass trend for shells to be more common around more massive galaxies.
Of all kinematic classes, KDCs show the strongest probability of exhibiting a certain tidal feature, driven by the stream feature. The fact that almost every fourth KDC has streams in its outskirts is consistent with many KDCs having decreasing λR profiles at radii larger than the half-mass radius, which is usually caused by merger histories dominated by small mergers (Schulze et al. 2020). Kinematically distinct cores with these radial λR profiles are remnants of old disks that have assembled their outskirts by multiple minor mergers on mostly circular orbits (Schulze et al. 2020). When we traced the six simulated KDC galaxies with streams back until redshift z = 1, all of these galaxies had only grown in mass through mini and minor mergers. Therefore, this connection between the appearance of a stream and a KDC feature is a good indicator that the particular KDC was likely formed through the multiple merger scenario and not through the gas-rich recent major merger scenario, which is the other known formation pathway for KDCs (Hoffman et al. 2010; Schulze et al. 2017).
Finally, satellite planes again show the opposite behavior of tidal features. They are most common around regular rotators and least common around KDCs and prolate rotators. This shows that the alignment of satellite galaxies in a plane is not connected to the appearance of these features or might possibly even be anticorrelated (as shown in Fig. 4).
4.3. Correlations of tidal features and satellite planes with the inner rotational support
We investigated the correlation between two known tracers of the accretion history of a galaxy, the appearance of tidal features, and the internal galaxy kinematics. To measure the latter, we used the position of galaxies in the λRe − ϵe plane for both the observed and simulated galaxies (top and bottom of Fig. 5, respectively). The values of λRe and ϵe of the observed galaxies were obtained from a random projection, while the simulated values are the highest possible values because they are obtained from the edge-on projections (for the projection effects found in this λRe − ϵe space, see also the results from Cappellari et al. 2007). To do this, we limited the simulated sample of galaxies to ETGs and intermediate-type galaxies because the MATLAS sample does not contain LTGs. At first glance, there are no clear differences between the distributions of galaxies with tidal features and the total sample for the observations and simulations. The trend of shells lying around slow rotators is immediately visible only for the simulated galaxies. Similarly, the galaxies with satellite planes are uniformly distributed and do not show any preference for slow or fast rotation, or for particularly round or elongated shapes (right panel of Fig. 5).
	[image: thumbnail]	Fig. 5. Galaxies classified as having tidal features or a satellite plane in the λRe − ϵe plane in the MATLAS survey (top row) and in Magneticum Box4 (bottom row). Only the ETGs and intermediate-type galaxies are shown for the simulated sample. The colored data points represent galaxies with the respective feature. The large gray dots were classified as lacking the respective feature, and small gray dots were not classified (only the case for the observed satellite planes). The values of λRe and ϵe were determined at one effective radius for the observations and at one half-mass radius for the simulations. For the simulations, they were determined in the edge-on projection. The solid black lines indicate the border between fast and slow rotators (Emsellem et al. 2011), with fast rotators lying above the border. The measurements of shells, streams, and tails of MATLAS galaxies are taken from Bílek et al. (2020) and the measurements of the planes are taken from Heesters et al. (2021).



The differences between the edge-on and random projection of galaxies in the λRe − ϵe plane were discussed in detail by Schulze et al. (2018), especially with respect to the ellipticity, ϵe, clearly showing the problems when comparing ellipticities between simulations and observations. In contrast, λRe is more directly comparable because its values change only slightly for most projections, except when seen nearly face on. Thus, we determined the cumulative histograms of λRe for the total simulated and observed galaxy samples, and for the galaxies with the respective tidal features or satellite planes (Fig. 6). Because the λRe distributions of the full samples are not identical (leftmost panel), a direct comparison between the λRe distributions of galaxies with a certain tidal feature requires a correction to the values in the cumulative histograms. The method for this correction is described in Appendix A.
	[image: thumbnail]	Fig. 6. Cumulative histograms of λRe for the galaxies in the MATLAS survey (dashed lines) and in Magneticum Box4 (uhr) (solid lines). Only the ETGs and intermediate-type galaxies were considered for the simulated sample. The first plot shows the difference in the distributions between observations and simulations. The cumulative histograms of the simulated galaxies in the other four panels were adapted to match the parent distribution of MATLAS to be directly comparable to the distributions of the MATLAS survey. The colored lines lying above the dashed gray line (the overall distribution of the MATLAS survey) indicate an increased presence of the respective tidal feature or satellite plane for galaxies with lower rotational support compared to those with higher rotational support. The measurements of shells, streams, and tails of MATLAS galaxies are taken from Bílek et al. (2020), and the measurements of the planes are taken from Heesters et al. (2021).



By adapting the simulated cumulative histograms to the observed parent distribution, the colored lines in Fig. 6 are directly comparable with each other. For the following comparisons, we used the two-sample Kolmogorov–Smirnov test with the null hypothesis that the underlying distributions of two random samples are the same. Very similar distributions of λRe are found for galaxies with a given tidal feature in the simulations and observations (p-values2 of 0.07, 0.32, 0.91, and 0.23 for shells, streams, tails, and planes, respectively).
For individual tidal features, we find a very clear trend that shells are mostly found around slow rotators, both in the simulation and in observations (p-values of 0.014 and 0.008 for Box4 and MATLAS, respectively, when comparing the tidal feature λRe distributions to the simulated or observed total sample distributions). Streams have a slight preference to appear around slow and intermediate rotators, but this is only statistically significant here for the observations (p-values of 0.23 and 0.02 for Box4 and MATLAS, respectively). Tidal tails are found around both slow and fast rotators with similar probabilities (p-values of 0.84 and 0.39 for Box4 and MATLAS, respectively). The overall trends agree with the findings of Bílek et al. (2023), who determined a negative correlation between tidal features and rotational support. A direct comparison is not possible, however, because the definitions of rotational support differ.
The same is also true for the satellite planes: Planes are found equally around galaxies with any amount of rotational support in both Magneticum and MATLAS (p-values of 0.09 and 0.59 for Box4 and MATLAS, respectively). While Heesters et al. (2021) stated that 40% of their slow rotators featured satellite planes and only 16% of the fast rotators do this, they also remarked that these results are not that statistically significant given the small number of slow rotators in the sample. Even though the satellite planes are detected through entirely different methods, with the observed planes being determined from 2D data (Heesters et al. 2021) and the simulated planes from 3D data, it can be expected that the general correlation of the existence of such planes with the internal kinematics of galaxies would be found to be similar between observations and simulations. This is precisely what we have found between Box4 and MATLAS galaxies.
The result that shells are more common around slow rotators suggests that the processes leading to low rotational support and the appearance of shells are related. Shells have been found to originate from radial merger events, which are more pronounced the more similar the two merging galaxies are in mass (e.g., Amorisco 2015; Pop et al. 2018; Karademir et al. 2019). Slow rotators are found to often have formed through merger events, in which a large amount of mass has been accreted over a short period of time, most commonly through (major) merger events with mass ratios higher than 1:10 (e.g., Schulze et al. 2018; Lagos et al. 2022). Therefore, the existence of a shell strongly indicates that the observed slow rotator formed through a recent radial merger event with a mass ratio higher than 1:10. When we trace the formation history of the slow rotators with shells back in the simulation, only 2 out of the 21 simulated galaxies with shells lack mergers above a mass ratio of 1:10 occurring within the past 4 Gyr (the lifetime of shells as estimated by Mancillas et al. 2019). In seven cases (33 ± 13%), the major merger that created the shells also led to a sudden strong decrease in λRe, such that a previous fast rotator was converted into a slow rotator. These slow rotators seem to have particularly late formation times, while the other slow rotators with shells have had a low value of λRe for more than 4 Gyr, six of which became slow rotators already by z = 2. This shows that most galaxies in the simulation with shells became slow rotators at early times, in agreement with Bílek et al. (2023), whereas roughly one-third of them just became slow rotators at the same time as the shells were formed. Thus, in all cases where the progenitor galaxy was a fast-rotating galaxy 4 Gyr ago, the major merger that formed the shells also destroyed the inner rotation pattern of the galaxy.
As an example, Fig. 7 shows the evolution of the most massive galaxy from our sample of galaxies with shells. The orbit of the infalling galaxy that triggered the formation of the shells is shown in red in the first row. The shells found around this galaxy were formed through a satellite with a stellar mass ratio of 1:2.5 falling in radially at z = 0.20 (almost 2.5 Gyr ago), then falling back in again on the other side at z = 0.13 (1.7 Gyr ago). The back-and-forth movement led to the double shell structure found on two sides of the galaxy at z = 0.07 (0.9 Gyr ago). This clearly supports the idea that shells form through mergers on radial orbits. In the second row of Fig. 7, the velocity maps are shown. The system is transformed from a fast-rotating galaxy with λRe = 0.36 to a slowly rotating galaxy with λRe = 0.09 during the merger. Because these values are computed for the edge-on projection of the galaxy instead of the shown projection, the transformation into a slow rotator is physical. Finally, the last row shows the velocity dispersion, which overall increases through the merger and also contributes to decreasing the value of λRe. Remarkably, the shells seen around the galaxy in the first row can also be clearly identified in the velocity dispersion maps, best seen in the map at z = 0.1 as regions of comparably low velocity dispersion. This indicates that the kinematic studies of the outskirts of galaxies may be used to identify shells, for example, through tracer populations such as planetary nebulae (e.g., Roth et al. 2021).
	[image: thumbnail]	Fig. 7. Evolution of the first example galaxy from Fig. 1. The shells develop after a massive radial merger event, which also causes the value of λRe to sharply drop and converts the galaxy into a slow rotator (where λRe is measured from the edge-on projection). Top: mock images of the stellar component from a projection in which the shells are especially clearly visible. The red lines trace the orbit of the infalling galaxy until the respective point in time. Middle: velocity maps. The circles indicate the ellipses at one and three half-mass radii. Bottom: velocity dispersion maps.



5. Conclusion
We classified galaxies from the Magneticum Box4 (uhr) simulation with stellar masses above 2 × 1010 M⊙ according to the existence of tidal features in their outskirts and used data of satellite planes from Förster et al. (2022) to connect their appearance to the internal kinematics of the host galaxies. We compared the results to those from Bílek et al. (2020) and Heesters et al. (2021) for the MATLAS survey and observations of BCGs by Tal et al. (2009) and Kluge et al. (2020). The internal kinematic properties were taken from Schulze et al. (2018) and cover both overall rotational properties quantified by the λR parameter (Emsellem et al. 2011) and internal kinematic patterns such as regular rotation, nonrotation, prolate rotation, and KDCs.
The fractions of Magneticum galaxies with shells, streams, and tails are comparable to those reported in observations and other simulations. Streams are found to be the most common of these features, with 29% of galaxies above a stellar mass of 1011 M⊙ exhibiting streams. We also see a clear trend with mass, with all types of features being more common around galaxies with higher stellar masses, in agreement with results from observations. Galaxies with more than one type of feature are also much more frequent at high stellar masses, indicating a much more turbulent accretion history for more massive galaxies. This agrees well with previous studies (e.g., Remus & Forbes 2022).
Additionally, we find indications that tidal features are more common around early-type galaxies than late-type galaxies for shells and streams. No shells were found for late-type galaxies, while tails are most frequently found for disk-like galaxies and are rather rare around spheroidal galaxies. This agrees well with the current scenario in which shells are formed during massive radial merger events that would also destroy the disk of a galaxy, while streams can occur around all types of galaxies as they are remnants of disrupted galaxies that fell in on circular orbits (e.g., Amorisco 2015; Karademir et al. 2019). Tidal tails, on the other hand, are best visible if a merger occurs to a disk galaxy because these galaxies are more radially extended at a given mass and their stars are therefore less strongly bound than those of spheroidal galaxies.
When inspecting the connection between global kinematic properties and the appearance of tidal features, we found a remarkable agreement with observations for the distribution of the kinematic parameter λRe for galaxies that have a given type of tidal feature. For both simulations and observations, slow rotators are most likely to have shells, while streams preferentially occur around galaxies with low to medium rotational support. Tracing these galaxies with shells back in time, we find that 30% of the galaxies lose their global angular momentum through the merger event that also caused the shells. The remaining 60% of shell galaxies had already been slowly rotating prior to the merger event that created the shells. About half of these galaxies had lost their global angular momentum even prior to redshifts of z = 2. Thus, we conclude that for all such cases where the galaxy was still rotationally supported, the massive merger event that caused the shells also led to a loss of the suppression of the rotational support. Moreover, we find that the orbits of these shell-forming satellite galaxies are radial, which agrees with previous simulation results from isolated merger experiments (e.g., Amorisco 2015; Karademir et al. 2019) and from the Illustris simulations by Pop et al. (2018).
Interestingly, we also find that shells appear in the velocity dispersion maps around their host galaxies as regions with a low-velocity dispersion, while they do not appear in the velocity maps. While the faint outskirts of galaxies are unlikely to be probed by IFU surveys in the near future, kinematic tracers such as globular clusters and planetary nebulae can be used to map these regions and might therefore help detect shell features from their velocity dispersion distribution (e.g., Roth et al. 2021). However, more detailed studies need to expand on these aspects in the future.
While we do not find a clear correlation between the overall rotational support of a galaxy and the appearance of streams beyond a slight tendency for streams to be the least common for galaxies with high rotational support, we find a connection between the appearance of streams and an internal kinematic feature: KDCs. For these galaxies, two different formation pathways are known: On the one hand, KDCs are made during gas-rich major mergers, with a lifetime of about 4 Gyr (Hoffman et al. 2010; Schulze et al. 2017). On the other hand, these KDCs can be remnants of an old disk that grew into a spheroidal through multiple minor and mini mergers on circular orbits that mostly populate the outskirts of these galaxies (Schulze et al. 2020). About 30% of our KDC galaxies show stream features, the largest amount of any given tidal feature connected to a kinematic class. These clearly indicate that the formation pathway of these KDCs most likely corresponds to the multi-merger scenario.
The galaxies with the largest overall amount of features are prolate rotators for all types of tidal features. This agrees with observational results by Ebrová et al. (2021) and with the fact that there are multiple possible pathways reported for prolate rotators (i.e., Ebrová & Łokas 2017; Hegde et al. 2022), which also leads to a wide variety in possible tidal features. Overall, the large number of tidal features (sometimes even multiple different features) found around prolate rotators agrees with the idea that they are oftentimes formed through multiple merger events (effectively making them overmerged galaxies, as discussed by Remus & Forbes 2022), and thus, they are also rather frequent in high-mass galaxies.
Finally, we do not find any connection between the inner rotational support of the host galaxies and the existence of satellite planes. We find no strong indications of a connection between the appearance of tidal features and planes in addition to the possibility that tidal features may preferably occur around galaxies without satellite planes. Overall, satellite planes behave oppositely to the tidal features. They are most frequent around disk galaxies and regular rotators. This could either imply that the large-scale structure of accretion has no impact on the internal kinematics of a galaxy and the appearance of tidal features, or that these planes are the prestage of the merger events that leave the tidal features and change the kinematic properties of the host galaxy. Testing this in more detail will be an important step forward in the future.


1 www.magneticum.org


2 For the Kolmogorov–Smirnov test, the p-value is the probability that two samples were drawn from the same underlying distribution, the null hypothesis. This means that the underlying distributions can be concluded to be different for p-values below 0.05 (by convention).
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Appendix A:  Rescaling the cumulative distribution
The cumulative histogram of the simulated galaxies can be adapted to be directly comparable with that of the observations in the following way: Qualitatively, the λRe-values are divided into bins. Each bin contains a different total number of observed and simulated galaxies, as well as different numbers of observed and simulated galaxies with a given tidal feature. To make the latter numbers directly comparable to each other, the number of either the observed or the simulated galaxies with the given feature has to be multiplied with the ratio of the total numbers of galaxies in that λRe bin. In this work, we chose this to be the numbers of simulated galaxies with the given feature that are rescaled by the aforementioned ratio. The cumulative distribution is then obtained through summing over the individual bins up to a given value of λRe.
Quantitatively, taking into account that there are different underlying distributions of values of λRe in the observations and the simulation and that the samples have different sizes, this means that for any interval ΔλRe, there is a different number of observed galaxies Nobs(ΔλRe) and of simulated galaxies Nsim(ΔλRe). From these, the ratio of observed to simulated galaxies can be determined through q(ΔλRe) = Nobs(ΔλRe)/Nsim(ΔλRe). We used this fraction q(ΔλRe) to then make the number of simulated galaxies with a given feature that lie within such an interval directly comparable with the number of observed galaxies with that feature Nobs, feat(ΔλRe). For the λRe values of the simulated galaxies that have a given feature, [image: equation], where Nsim, feat is the number of simulated galaxies with the feature, it is sufficient for cumulative histograms to choose the intervals [image: equation], etc. This results in a set of Nsim, feat intervals, for which the weightings of the λRe values of the simulated galaxies with the respective feature are given by the factors q(ΔλRe). The sum over all these weightings then defines the rescaled number of simulated galaxies with the given feature, and the cumulative histogram can be determined through
[image: thumbnail](A.1)
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	[image: thumbnail]	Fig. 1. Mock images of simulated galaxies from Magneticum Box4 (uhr) with prominent tidal features: Shells (top; the outer two shells are marked), a stream (middle), and tails (bottom). The mock images were created with the software from Martin et al. (2022) for the r band.
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	[image: thumbnail]	Fig. 2. Mass-size relation of the Magneticum galaxy sample. Galaxies are classified as having tidal features or satellite planes in color.
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	[image: thumbnail]	Fig. 3. Fraction of galaxies with a given tidal feature (first three panels), any of the three tidal feature types (fourth panel), or a combination of multiple different types of features (fifth panel), ffeat, in three stellar mass bins for Magneticum, MATLAS (Bílek et al. 2020), and for brightest cluster galaxies (BCGs) from Tal et al. (2009) and Kluge et al. (2020). The masses for MATLAS galaxies are taken from the dynamical masses obtained by Cappellari et al. (2013), which roughly correspond to the stellar masses. The vertical lines indicate the 1σ uncertainties.
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	[image: thumbnail]	Fig. 4. Fraction of galaxies with a satellite plane for different types of galaxies in Box4 (uhr) (Förster et al. 2022) and MATLAS (Bílek et al. 2020; Heesters et al. 2021): galaxies with shells, streams, tails, at least one of these features, and with none of these features. The vertical lines indicate the 1σ uncertainties.
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	[image: thumbnail]	Fig. 5. Galaxies classified as having tidal features or a satellite plane in the λRe − ϵe plane in the MATLAS survey (top row) and in Magneticum Box4 (bottom row). Only the ETGs and intermediate-type galaxies are shown for the simulated sample. The colored data points represent galaxies with the respective feature. The large gray dots were classified as lacking the respective feature, and small gray dots were not classified (only the case for the observed satellite planes). The values of λRe and ϵe were determined at one effective radius for the observations and at one half-mass radius for the simulations. For the simulations, they were determined in the edge-on projection. The solid black lines indicate the border between fast and slow rotators (Emsellem et al. 2011), with fast rotators lying above the border. The measurements of shells, streams, and tails of MATLAS galaxies are taken from Bílek et al. (2020) and the measurements of the planes are taken from Heesters et al. (2021).
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	[image: thumbnail]	Fig. 6. Cumulative histograms of λRe for the galaxies in the MATLAS survey (dashed lines) and in Magneticum Box4 (uhr) (solid lines). Only the ETGs and intermediate-type galaxies were considered for the simulated sample. The first plot shows the difference in the distributions between observations and simulations. The cumulative histograms of the simulated galaxies in the other four panels were adapted to match the parent distribution of MATLAS to be directly comparable to the distributions of the MATLAS survey. The colored lines lying above the dashed gray line (the overall distribution of the MATLAS survey) indicate an increased presence of the respective tidal feature or satellite plane for galaxies with lower rotational support compared to those with higher rotational support. The measurements of shells, streams, and tails of MATLAS galaxies are taken from Bílek et al. (2020), and the measurements of the planes are taken from Heesters et al. (2021).
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	[image: thumbnail]	Fig. 7. Evolution of the first example galaxy from Fig. 1. The shells develop after a massive radial merger event, which also causes the value of λRe to sharply drop and converts the galaxy into a slow rotator (where λRe is measured from the edge-on projection). Top: mock images of the stellar component from a projection in which the shells are especially clearly visible. The red lines trace the orbit of the infalling galaxy until the respective point in time. Middle: velocity maps. The circles indicate the ellipses at one and three half-mass radii. Bottom: velocity dispersion maps.
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        Mock images of simulated galaxies from Magneticum Box4 (uhr) with prominent tidal features: Shells (top; the outer two shells are marked), a stream (middle), and tails (bottom). The mock images were created with the software from Martin et al. (2022) for the r band.
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        Mass-size relation of the Magneticum galaxy sample. Galaxies are classified as having tidal features or satellite planes in color.
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        Fraction of galaxies with a given tidal feature (first three panels), any of the three tidal feature types (fourth panel), or a combination of multiple different types of features (fifth panel), ffeat, in three stellar mass bins for Magneticum, MATLAS (Bílek et al. 2020), and for brightest cluster galaxies (BCGs) from Tal et al. (2009) and Kluge et al. (2020). The masses for MATLAS galaxies are taken from the dynamical masses obtained by Cappellari et al. (2013), which roughly correspond to the stellar masses. The vertical lines indicate the 1σ uncertainties.

      

    

  
    
      Table 1. 

      Number and fraction of galaxies with a type of tidal feature.

      
        


	Feature
	Number
	Fraction





	Shells
	14
	11 ± 3%



	Streams
	38
	29 ± 5%



	Tails
	16
	12 ± 4%





      

      
Notes. Only the galaxies with stellar masses M* ≥ 1011 M⊙ were considered for the numbers and fractions. The total number of galaxies analyzed in this mass range is 131.



    

  
    
      Table 2. 

      Numbers and fractions of ETGs, intermediates (Intm.), or LTGs with shells, streams, tails, or satellite planes.

      
        


	Type
	All
	Shells
	Streams
	Tails
	Planes





	ETGs
	295
	17
	37
	9
	49



	
	
	6 ± 2%
	13 ± 3%
	3 ± 2%
	17 ± 3%



	Intm.
	172
	4
	20
	12
	37



	
	
	2 ± 2%
	12 ± 3%
	7 ± 3%
	22 ± 4%



	LTGs
	53
	0
	5
	5
	14



	
	
	0 ± 2%
	9 ± 5%
	9 ± 5%
	26 ± 8%





      

      
Notes. The full classified sample of 520 galaxies is considered for the numbers and fractions. The morphological classes of the galaxies were taken from Teklu et al. (2017).



    

  
    
      Fig. 4. 
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        Fraction of galaxies with a satellite plane for different types of galaxies in Box4 (uhr) (Förster et al. 2022) and MATLAS (Bílek et al. 2020; Heesters et al. 2021): galaxies with shells, streams, tails, at least one of these features, and with none of these features. The vertical lines indicate the 1σ uncertainties.

      

    

  
    
      Table 3. 

      Numbers and fractions of galaxies, with the given kinematic class having shells, streams, tails, or satellite planes.

      
        


	Type
	All
	Shells
	Streams
	Tails
	Planes





	RR
	286
	2
	26
	8
	63



	
	
	1 ± 1%
	9 ± 2%
	3 ± 1%
	22 ± 3%



	NR
	108
	10
	16
	2
	19



	
	
	9 ± 3%
	15 ± 4%
	2 ± 2%
	18 ± 5%



	KDC
	26
	1
	6
	2
	1



	
	
	4 ± 4%
	23 ± 10%
	8 ± 6%
	4 ± 4%



	PR
	16
	3
	3
	2
	2



	
	
	19 ± 11%
	19 ± 11%
	13 ± 9%
	13 ± 9%





      

      
Notes. Only the subset of our full sample that was kinematically classified by Schulze et al. (2018) was considered for the numbers and fractions. This subsample comprises 436 galaxies. The kinematic classes include regular rotators (RR), nonrotators (NR), KDCs, and prolate rotators (PR).



    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
        Galaxies classified as having tidal features or a satellite plane in the λRe − ϵe plane in the MATLAS survey (top row) and in Magneticum Box4 (bottom row). Only the ETGs and intermediate-type galaxies are shown for the simulated sample. The colored data points represent galaxies with the respective feature. The large gray dots were classified as lacking the respective feature, and small gray dots were not classified (only the case for the observed satellite planes). The values of λRe and ϵe were determined at one effective radius for the observations and at one half-mass radius for the simulations. For the simulations, they were determined in the edge-on projection. The solid black lines indicate the border between fast and slow rotators (Emsellem et al. 2011), with fast rotators lying above the border. The measurements of shells, streams, and tails of MATLAS galaxies are taken from Bílek et al. (2020) and the measurements of the planes are taken from Heesters et al. (2021).

      

    

  
    
      Fig. 6. 

      
        [image: thumbnail]
      

      
        Cumulative histograms of λRe for the galaxies in the MATLAS survey (dashed lines) and in Magneticum Box4 (uhr) (solid lines). Only the ETGs and intermediate-type galaxies were considered for the simulated sample. The first plot shows the difference in the distributions between observations and simulations. The cumulative histograms of the simulated galaxies in the other four panels were adapted to match the parent distribution of MATLAS to be directly comparable to the distributions of the MATLAS survey. The colored lines lying above the dashed gray line (the overall distribution of the MATLAS survey) indicate an increased presence of the respective tidal feature or satellite plane for galaxies with lower rotational support compared to those with higher rotational support. The measurements of shells, streams, and tails of MATLAS galaxies are taken from Bílek et al. (2020), and the measurements of the planes are taken from Heesters et al. (2021).

      

    

  
    
      Fig. 7. 

      
        [image: thumbnail]
      

      
        Evolution of the first example galaxy from Fig. 1. The shells develop after a massive radial merger event, which also causes the value of λRe to sharply drop and converts the galaxy into a slow rotator (where λRe is measured from the edge-on projection). Top: mock images of the stellar component from a projection in which the shells are especially clearly visible. The red lines trace the orbit of the infalling galaxy until the respective point in time. Middle: velocity maps. The circles indicate the ellipses at one and three half-mass radii. Bottom: velocity dispersion maps.
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