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M. Bílek1,2,3 [image: orcid], P.-A. Duc3 [image: orcid] and E. Sola3 [image: orcid]

1 
 
LERMA, Observatoire de Paris, CNRS, PSL Univ., Sorbonne Univ.,  75014   Paris,  France 
 


e-mail: michal.bilek@obspm.fr

2 
 
 Collège de France,  11 place Marcelin Berthelot,  75005   Paris,  France 
 


3 
 
Université de Strasbourg, CNRS, Observatoire astronomique de Strasbourg (ObAS),  11 rue de l’Université,  Strasbourg,  France 
 


Received: 
15 
August 
2022
Accepted: 
4 
October 
2022
Published online: 27 March 2023
Abstract

Context. Early-type galaxies (ETGs) are divided into slow and fast rotators (FRs and SRs) according to the degree of ordered rotation of their stellar populations. Cosmological hydrodynamical simulations indicate that galaxies form as FRs before their rotational support decreases, usually because of mergers.

Aims. We aimed to investigate this process observationally for galaxies outside of clusters.

Methods. We made use of the fact that different merger types leave different traces that have different lifetimes. We statistically analyzed multiple characteristics of galaxies that are expected to be influenced by mergers, such as tidal features, kinematically distinct cores, and stellar ages. They were taken from the MATLAS and ATLAS3D databases. Through multilinear regression we identified the quantities that, at a fixed mass and environmental density of the galaxy, significantly correlate with a measure of the ordered rotation of the galaxy, [image: equation].

Results. We found a negative correlation of the rotational support with the occurrence of tidal disturbances and kinematic substructures, and a positive correlation with metallicity and metallicity gradients. For massive galaxies, the rotational support correlates negatively with the abundance of α-elements, and for the galaxies in low-density environments, it correlates negatively with the central photometric cuspiness. These and additional literature observational constraints are explained the easiest if the mergers that decreased the rotational support of ETGs were typically minor, wet, and happening at z ≈ 2. They did not form the currently observed tidal features. The observed frequency of tidal features implies a merging rate of 0.07–0.2 per Gyr. This is insufficient to explain the observed growth of the radii of ETGs with redshift by mergers.
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⋆ Table of the parameters of the galaxies is only available at the CDS via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/672/A27



1. Introduction
The formation of early-type galaxies (ETGs) seems to have proceeded in two phases (Oser et al. 2010; Naab et al. 2014). The first phase, a “wet clumpy collapse” (Thomas et al. 1999), is a period of intensive in situ star formation. Galaxies were assembled through numerous gas-rich mergers or a smooth accretion of gas from cosmic filaments. This formation stage is witnessed by the chemical composition of ETGs, which is best explained by the monolithic-collapse models (Thomas et al. 1999; Kobayashi 2004; Pipino et al. 2010, 2013). These models reproduce the observed values of metallicity and abundance of α-elements, and the correlations of these quantities with the masses of the galaxies. The end of the first phase of formation of ETGs is characterized by the termination of star formation in the galaxies. It happens approximately at a redshift of two, but this limit is not universal. Observations suggest that some ETGs, particularly the most massive ones or those with the highest stellar surface densities, were already quenched as soon as at z = 7 − 9, while others continued forming stars much longer, up to z = 0.5 − 2 (McDermid et al. 2015; González Delgado et al. 2017; Forrest et al. 2020; Estrada-Carpenter et al. 2020; Carnall et al. 2020; Costantin et al. 2021; Tacchella et al. 2022).
There are many ways for a galaxy to become quenched, the relative importance of which has not yet been fully clarified. For the most massive galaxies, the mass quenching mechanism seems plausible (Kereš et al. 2005; Dekel & Birnboim 2006): when the falling interagalactic gas reaches the halos of galaxies that are massive enough, it is shock-heated so much that the cooling time exceeds the age of the Universe. The infalling clouds of cold gas are not able to reach the galaxy and get dissolved in the hot gas halo of the galaxy (Afruni et al. 2019). The filaments of cold interagalactic gas are able to penetrate the hot circumgalactic gaseous halos only before z = 1.5 − 2. Therefore, the massive galaxies are currently mostly passive. A number of mechanisms have been identified for the lighter galaxies. They include, for galaxies falling to galaxy clusters, the mechanisms of starvation (Larson et al. 1980) or gas shocks (Bitsakis et al. 2016, 2019; Ardila et al. 2018). Other spirals get quenched in centers of clusters by ram-pressure striping. Theoretical arguments suggest that even if a galaxy has a substantial gas content, the bare presence of a spheroidal component can postpone or prevent star formation; this is the so called “morphological quenching” (Martig et al. 2009, 2013). The role of the activity of galactic nuclei in the quenching of galaxies is still debated (see Harrison 2017 for a review). In any case, the chemical composition of ETGs indicates that the dominant quenching mechanism has to cut the ETGs progenitors off from the inflow of fresh intergalactic gas (Peng et al. 2015; Trussler et al. 2020), which is called “strangulation”. The same data also show signs of a removal of the cold gas from the galaxies, particularly from the less massive ones, but this is an effect of the secondary importance (Trussler et al. 2020).
The monolithic collapse phase and quenching are still not sufficient to explain the observational data. The passive galaxies at redshift around two are more compact (Daddi et al. 2005; Trujillo et al. 2006; van Dokkum et al. 2009) and disky (Toft et al. 2007; Hill et al. 2019) than the local ETGs. The simplest explanation of galaxy expansion involves a bare mass loss of the galaxy by stellar evolution and gaseous outflows caused by active galactic nuclei (Fan et al. 2008; Damjanov et al. 2009; Fan et al. 2010). However, cosmological simulations and some observational evidence (Naab et al. 2009; Trujillo et al. 2011) rather suggest that primarily minor mergers are responsible for the expansion. This is supposed to happen from about z = 2 until today, and it is called the second phase of ETG formation. This would explain several other observations, such as the existence of tidal features (e.g., Malin & Carter 1983; Atkinson et al. 2013; Duc et al. 2015; Bílek et al. 2020), the properties of globular cluster systems (Côté et al. 1998), and the flattening of metallicity gradients at the outskirts of ETGs (Zibetti et al. 2020; Oyarzún et al. 2019). Finally, it has been observed that star formation can be renewed in ETGs after they have been quenched (Thomas et al. 2010; Serra et al. 2014; Gavazzi et al. 2018; Mancini et al. 2019; Yıldız et al. 2020). The new stars then form in a disk.
Some ETGs were likely formed outside of the two-phase scenario by binary mergers of spirals (Toomre 1977). While this mechanism was popular in the past, it turns out that ETGs, particularly the massive ones, are formed only rarely through this mechanism. (Thomas et al. 1999; Naab & Ostriker 2009; Harris 2001; Krajnović et al. 2011).
The unsolved problems of ETG formation in Λ-cold-dark-matter (ΛCDM) cosmological models are generally related to a too gradual formation of ETGs: the main signs are the frequent observations of very massive quenched galaxies at very large redshifts (Hill et al. 2017; Schreiber et al. 2018; Merlin et al. 2019; Faisst et al. 2019; Forrest et al. 2020; Stevans et al. 2021; Carnall et al. 2023), and the problems with reproducing the values and correlations of the abundance of the α-elements (Thomas et al. 1999, 2002, 2003; Nagashima et al. 2005; Pipino et al. 2009; De Lucia et al. 2017; Okamoto et al. 2017; Vincenzo et al. 2018).
Early-type galaxies seem to form bimodal statistical distributions in the space of their properties. This is why they are divided into slow and fast rotators (SRs and FRs, see Cappellari 2016 for a review). Fast rotators show a regular rotational pattern in the kinematic maps of their inner stellar populations (Emsellem et al. 2011). Their kinematic axes are aligned well with the minor photometric axes of the galaxies. Fast rotators turn out to be intrinsically oblate axisymmetric ellipsoids (Weijmans et al. 2014; Foster et al. 2017). Kinematic maps of SRs instead either do not show any rotation, or show complex features, such as kinematically distinct components (Emsellem et al. 2007, 2011). Slow rotators are rounder than FRs and are weakly triaxial (Weijmans et al. 2014; Foster et al. 2017; Li et al. 2018b), and their kinematic and photometric axes do not align well (Krajnović et al. 2011; Ene et al. 2018). Slow rotators are also typically more massive than FRs (Emsellem et al. 2011). The vast majority of ETGs are FRs, but SRs prevail among the most massive ETGs (Emsellem et al. 2011). This is because the degree of rotation is probably primarily a function of the mass of the galaxy (Veale et al. 2017; Brough et al. 2017; Greene et al. 2017) and the most massive galaxies are located in the centers of their groups or clusters, even though some works suggest that the rotator type is also influenced independently by the density of the environment of the galaxy (Graham et al. 2019a,b; van de Sande et al. 2021a). While the primary motivation for introducing the FRs and SRs was the distinct appearance of their kinematic maps, many works rely on quantitative definitions, which are supposed to be roughly equivalent to the morphological definition. Here we build on the widely used parametric separation criterion by Emsellem et al. (2011): ETGs having their [image: equation] below the value of 0.31 are classified as SRs while the rest are classified as FRs. Here ϵ stands for the apparent ellipticity of the galaxy within the half-light radius, and the parameter λ quantifies the relative importance of the ordered rotation and velocity dispersion in supporting the galaxy.
Simulations provide us with insights into the formation of FRs and SRs. The 44 high-resolution zoom-in simulations by Naab et al. (2014) showed that there are many ways to form an SR or an FR in terms of the number of mergers, their mass ratios, and gas fractions. The slowest rotators, however, were formed by many minor mergers. The early work by Naab et al. (2014) had the disadvantage that it could not indicate how important the individual formation channels of SRs and FRs are. Ideally, this would be shown by cosmological hydrodynamical simulations. Such a route was followed by Penoyre et al. (2017), who inspected the Illustris simulation. They found that at very high redshifts, all galaxies are FRs, with a high rotational support. The progenitors of the current SRs and FRs are still nearly indistinguishable at z = 1 in terms of the distributions of stellar masses and of the λ parameter. The rotation support was found to decrease after major mergers but very massive galaxies decreased it even in periods without mergers. Lagos (2018) undertook a similar approach with the EAGLE (Schaye et al. 2015) and HYDRANGEA (Bahé et al. 2017) simulations. They again found a link between mergers and a decrease in the degree of rotational support. They found that galaxies that experienced dry mergers in the simulations, either minor or major, usually ended up with a lower degree of rotation than galaxies that underwent wet or no mergers. Some mergers can increase the rotational support, but such mergers are in the minority. A small fraction of SRs did not experience any mergers and such galaxies inhabited low-spin halos. Nevertheless, in most cases, the transformation from FRs to SRs happens through mergers. The formation of SRs from FRs in the EAGLE simulation was confirmed by Lagos (2022) and in the MAGNETICUM simulation by Schulze et al. (2018).
Cosmological hydrodynamic simulations still have relatively low resolution. This might be the reason why the stellar kinematics of the simulated galaxies do not fully reproduce the reality. For example, Ebrová et al. (2020) noted that the kinematically distinct components in Illustris are too large, Lagos (2022) pointed out the nonrealistic radial profiles of velocity dispersion of the galaxies in EAGLE, and Schulze et al. (2018) reported a population of overly flattened SRs in MAGNETICUM.
In this paper we investigate the details of the decrease in the rotational support of ETGs observationally for galaxies outside of galaxy clusters. In order to quantify how much the transformation has progressed in a given galaxy, we heuristically exploit the parameter [image: equation] (Emsellem et al. 2011), which we call the rotational support. We note that more recent works use more elaborate criteria than [image: equation] < or > 0.31 to classify galaxies into SRs and FRs. The newer criteria are supposed to capture the bimodality of ETGs better. For example, Cappellari (2016) define SRs as satisfying the conditions λ < 0.08 + ϵ/4 and ϵ < 0.4. Here we build on the older SR and FR separation criterion that uses the [image: equation] parameter because it seems obvious how to use it to continuously quantify the stage of the kinematical transformation. It is possible that future studies will find a more suitable quantification of the transformation stage than the [image: equation] parameter.
The main idea of this paper is the following. We assume, inspired by the simulations, that all ETGs form initially with a relatively high and a relatively universal value of rotational support, and then the rotational support is decreased by mergers. Next, we assume that if the mergers have been very important in the evolution of the galaxy until now, the galaxy would, in most cases, be observed to have a low value of the rotational support at the current cosmic epoch. The mergers change various parameters of the galaxy. The traces of the mergers depend on whether the merger is gas rich or gas poor, and on the mass ratio of the merging galaxies. In addition, the different merger signs have different lifetimes. We make use of that and investigate the correlations of various merger-sensitive indicators with the rotational support in order to study the mergers that are responsible for the decrease in the rotational support. In order to reduce confounding effects, we studied the correlations at a fixed mass and environmental density through mulitilinear regression.
The paper is organized as follows. Our data sources are presented in Sect. 2. In Sect. 3, we list the merger-sensitive parameters that we exploit to derive the characteristics of the mergers that caused the decrease in the rotational support of ETGs. For each parameter, we explain how it is expected to change after different types of mergers. Section 4 is devoted to the estimation of how long after a merger a galaxy appears morphologically disturbed. The main method of the paper is described in Sect. 5, where we explain how we determined whether and how different merger sensitive parameters correlate with the [image: equation] parameter for galaxies at a fixed mass and environmental density, and present the results. These results and additional literature findings are then used in Sect. 6 to deduce what types of mergers were typically decreasing the rotational support of galaxies and when they happened. Given that we a get different time of the kinematic transformation than predicted by cosmological simulations, we verify our conclusion by independent methods in Sect. 7. As a by-product, we estimate in Sect. 7.2 the current merging rate of our galaxies from the incidence of tidal disturbances. In Sect. 8, we show that many observational findings about the occurrence of FRs and SRs can be explained as simple consequences of the fact that galaxy mergers usually decrease the rotational support of galaxies. We synthesize our findings in Sect. 9, where we propose how typical FRs, SRs, and spiral galaxies form. The paper is summarized in Sect. 10. In Appendix A we provide the correlations of the various merger-sensitive parameters with galaxy mass, environment density, and rotational support. We also compare the merger-sensitive parameters in FRs and SRs.
For the conversion between look-back time and redshift, we used Ned Wright’s cosmology calculator1 (Wright 2006) with the cosmological parameters H0 = 69.6 km s−1 Mpc−1, ΩM = 0.286 and Ωvac = 0.714 (Bennett et al. 2014).
2. Data
Our work is based on the public data provided by the ATLAS3D (Cappellari et al. 2011a)2 and MATLAS (Duc et al. 2015; Bílek et al. 2020)3 surveys. The ATLAS3D survey targets nearby (< 42 Mpc) massive (MK < −21.5 mag) ETGs (galaxies lacking spiral arms) and is volume complete. The survey strives to collect all possible information about its targets. All of the data we used in this paper was taken from ATLAS3D, except for those on the photometric irregularities (tidal features, irregular outer isophotes) and dust lanes; that information was taken from the catalog of Bílek et al. (2020) extracted from the MATLAS survey. The MATLAS survey took very deep (∼28.5 mag arcsec−2) wide-field (1 × 1°) optical (the u*, g′, r′, and i′ bands) images of all ATLAS3D ETGs, except for those in the Virgo Cluster, with the 3.6 m Canada-France-Hawaii Telescope, employing observing and data processing strategies optimized for detecting large-scale low-surface-brightness structures. We used the MATLAS sample (Bílek et al. 2020) where we excluded the two galaxies without mass measurement (PGC 056772 and PGC 061468). In total, the sample considered here contains 175 objects. The list is available in electronic form at the CDS. Importantly, the MATLAS survey avoided the cluster environments, and therefore our results pertain only to galaxies in low- to medium-density environments such as galaxy groups.
In this paper, we characterize the mass of a galaxy by MJAM, adopted from Cappellari et al. (2013). It is defined as MJAM = (M/L)eL, where L is the total luminosity of the galaxy and (M/L)e is the effective dynamical mass-to-light ratio of the galaxy within the galactocentric distance of one Re derived using Jeans Anisotropic Modeling (Cappellari 2008). Cappellari et al. (2013) showed that the median fraction of dark matter mass within a sphere of radius Re is 13%; thus the stellar mass of the galaxy can be estimated as 0.87 MJAM, or, in the logarithmic scale, the stellar mass is lower by 0.06 dex. The 15th, 50th, and 85th percentiles of the distribution of log(MJAM/M⊙) in our sample are 10.2, 10.6, and 11.0, respectively.
The environmental density of a galaxy in this paper is quantified by the ρ10 parameter of Cappellari et al. (2011b), defined as the mean density of galaxies inside a sphere that is centered on the target galaxy and contains the ten nearest neighbors. The 15th, 50th, and 85th, percentiles of the distribution of log(ρ10/Mpc−3) in our sample are −2.2, −1.6, and −1.0, respectively. The highest ρ10 reaches 1.66 Mpc−3 for NGC 4623.
In our work, we quantify the rotational support through the parameter
[image: thumbnail](1)
introduced by Emsellem et al. (2011). Here λ quantifies the degree of ordered rotation of the galaxy, as it is observed projected on the sky, and ϵ the apparent ellipticity, see Emsellem et al. (2011) for details. Both of the quantities are measured within one Re from the center of the galaxy. The values were taken from Emsellem et al. (2011). The 15th, 50th, and 85th percentiles of the distribution of [image: equation] in our sample are 0.32, 0.77, and 1.0, respectively. The distribution of our sample in the space of galaxy mass – environmental density – rotational support is shown in Fig. B.1. The used values of MJAM, ρ10 and [image: equation] are given in the table available at the CDS.
3. Traces of past mergers
In this section, we describe the merger-sensitive parameters that we exploit later in the paper. It shall be kept in mind, as we discuss in Sect. 6, that none of them are totally reliable – each can be influenced by other processes than mergers. Figure 1 shows the distribution of these merger indicators in our galaxy sample in the space of rotational support versus mass of the galaxy. Figure B.2 shows the same but the mass is replaced by the environmental density. In Appendix A, we inspect the correlations of mass, environmental density and the rotational support with the different merger-sensitive parameters. In that appendix we also compare the values of these parameters between FRs and SRs. The used values of the merger-sensitive parameters listed in the following subsections are given in the table available at the CDS. It summarizes also the corresponding data sources.
	[image: thumbnail]	Fig. 1. Investigated merger-sensitive parameters as functions of the rotational support (vertical axis in each tile) and the MJAM mass of the galaxy (horizontal axis in each tile). Each point represents one galaxy. The colors of the points indicate the values of the quantities stated in the tiles of the figures, coded according to the color bars given to the right of each tile. For shells, streams, tails, disturbed isophotes, and dust lanes, the values of zero, one, or two indicate that the feature is not present, is likely present, or is certainly present, respectively. The frequency of shells, streams, and tails indicates the number of these features in the galaxy. For KDCs, CRCs, KTs, and the 2σ features, the values of zero or one mean that the kinematic substructure is not or is present in the galaxy, respectively.



3.1. Tidal disturbances
Galaxy mergers leave morphological irregularities in the images of the galaxies. They can remain observable for several gigayears before the system relaxes or before the existing tidal features are destroyed by another merger. The survivability depends, for example, on the mass ratio of the merged galaxies, their orbital configuration, their morphological types, and the density of the environment. An attempt to quantify the lifetimes of tidal features was made by Mancillas et al. (2019), and we discuss the issue further in Sect. 4. A catalog of various types of tidal disturbances was presented in Bílek et al. (2020). It was constructed by a visual inspection of deep optical images of the galaxies in the MATLAS survey. We consider the following types of tidal disturbances.
Shells. These are arc-like sharp photometric jumps whose center of curvature most often coincides with the core of the galaxy. The conditions of their formation are still under debate but generally radial mergers are preferred (Hendel & Johnston 2015; Amorisco 2015), but see, e.g., the simulation by Ebrová et al. (2020). While in older works they were attributed to minor mergers (see the review in Bílek 2016), recent studies have suggested that shells often form also in intermediate or even major mergers (Pop et al. 2018; Kado-Fong et al. 2018).
Streams. They appear as thin, long structures, sometimes going through the center of the host galaxy, but most of time wrapping around it. Generally, they can be attributed to non-radial minor mergers (Hendel & Johnston 2015; Amorisco 2015) while even major mergers involving disks can produce similar features (Wang et al. 2012). In that case, typically there are several streams, or they are accompanied by other tidal disturbances.
Tails. Tails are morphologically similar to streams but they have a higher thickness (Sola et al. 2022), up to the size of the host galaxy, and they are always attached to it. The presence of a tail or tails in a galaxy indicates that the galaxy is just in the process of disruption by a massive neighbor, or that the galaxy is a remnant a of past major merger.
Disturbed outer isophotes. In a relaxed ETG, outer isophotes are axially symmetric about the minor and major photometric axes. An interaction breaks this symmetry, making the isophotes lopsided or irregular. In many mergers, the irregularities would take the form of some of the tidal features above. However, once the tidal features become too old, they lose their distinct form and they appear just as irregular isophotes. Disturbed outer isophotes can also signify an ongoing or distant interaction.
Shells, streams, and tails are collectively called the “tidal features”. In this paper we call the union of tidal features and disturbed outer isophotes “tidal disturbances”. To quantify whether a given tidal disturbance is present in the galaxy, we adopted the rating from Bílek et al. (2020). They list, for each of the tidal disturbances, its rating expressing the visual prominence of the given feature in the galaxy. A value of zero indicates that the feature is not present, a value of one that it is possibly present, and a value of two that it is certainly present in the galaxy. We also took the frequency of each type of tidal feature in a galaxy, which indicates how many tidal features of the given type are present in the galaxy, from Bílek et al. (2020). Several types of tidal disturbances can be present in a galaxy at the same time. Whenever we wanted to quantify whether any tidal disturbance is present in the galaxy, we took the maximum of the ratings of the individual types of tidal disturbances.
3.2. Dust lanes
Dust is common in spiral galaxies but less so in ETGs. This suggests that dust gets into ETGs by the accretion of spirals. Indeed, ETGs with tidal disturbances often show prominent dust lanes. We took the information about the occurrence of dust lanes from the catalog by Bílek et al. (2020), who rate the presence of dust lanes similarly to tidal disturbances: ranging from zero for no dust lanes to two for prominent dust lanes.
3.3. Kinematic substructures
The majority of ETGs shows regular ordered rotation around the photometric minor axis (Krajnović et al. 2011; Emsellem et al. 2011). The are, however, exceptions4: “counter-rotating cores” (CRCs) rotate around the same axis as the rest of the galaxy below ∼1Re but in the opposite sense; “Kinematically distinct cores” (KDCs) do not share the rotation axis with the rest of the galaxy; and finally “kinematic twists” (KTs) are characterized by a gradual change of the kinematic position angle through the volume of the galaxy below ∼1Re. The so-called double σ (or 2σ) galaxies show, in their maps of velocity dispersion, two peaks that lie on the major photometric axis of the galaxy and their separation is greater than half of the effective radius of the galaxy. The peaks likely arise because there are two counter-rotating stellar disks in these galaxies (Krajnović et al. 2011). Together, we call KDCs, CRCs, KTs, and the 2σ features “kinematic substructures”. We quantified the presence of a given type of kinematic substructures by a value of one, and its absence by zero. Kinematic substructures can form in mergers, even if alternative formation channels exist (Ebrová et al. 2021; Young et al. 2020).
3.4. Effective radius
At the redshifts over about 1–2, passive galaxies of any fixed mass are around five times smaller than the local ETGs (Daddi et al. 2005; Trujillo et al. 2006; van Dokkum et al. 2009). The growth of the effective radius is usually attributed to galaxy mergers: the initial potential energy of the two separated galaxies is transferred into the internal energy of the merger remnant. It was shown that a larger expansion is achieved if a given mass is accreted through minor mergers than through major mergers (Naab et al. 2009). The number of mergers that caused the expansion is expected to be relatively low. For example, Trujillo et al. (2011) calculated that the growth of radius since z ≈ 0.8 can be achieved by 3 ± 1 mergers of the mass ratio of 1:3 or by 8 ± 2 mergers of the mass ratio of 1:10. Some local ETGs might even have coincidentally avoided any substantial mergers since z = 1 − 2, as their properties suggest (Martín-Navarro et al. 2018; Beasley et al. 2018; Yıldırım et al. 2017). Therefore, if SRs and FRs had different merger histories, we expect a difference in their effective radii at a fixed stellar mass. For the effective radii, we took the [image: equation] parameters from Cappellari et al. (2013). They were obtained as the major axes of multi-Gaussian fits of the galaxies. They were published in the angular scale. We converted them into kiloparsecs assuming the distances of the galaxies given in Cappellari et al. (2011a).
3.5. Inner photometric profile
The photometric profiles of ETGs are generally described well by a Sérsic profile. However, high-resolution images, mainly those taken by the Hubble Space Telescope, reveal that there are deviations from it in the centers of ETGs (Lauer et al. 1995, see Graham 2013 for a review). Some inner photometric profiles follow a power law, creating an excess of light with respect to the Sérsic profile fitted to a wider radial range. These are called the cusps. On the contrary, the derivative of the photometric profile can nearly reach zero in galaxy centers, such that there is deficit of light with respect to a Sérsic profile. Such features are called the cores. Cored profiles are found typically in bright galaxies but, interestingly, stellar densities are higher in the low-luminosity galaxies with cuspy profiles (Faber et al. 1997). The formation of cores is usually explained in the following way. After a merger of two galaxies, there are two supermassive black holes in the merger remnant galaxy. They experience dynamical friction and sink toward the center of the galaxy. Their potential energy transforms into the kinetic energy of stars, which are subsequently ejected from the center of the galaxy, so that a central core forms (e.g., Faber et al. 1997; Milosavljević et al. 2002). However, gas-rich mergers tend to form new stars in the center, so that a remnant of a gas-rich merger can eventually become more cuspy than the progenitor galaxies (e.g., Hopkins et al. 2009b; Haan et al. 2013). We use here the parameter γ′ tabulated by Krajnović et al. (2020) to quantify the shape of the inner photometric profile. It comes from fits by the Nuker law. Higher values of γ′ indicate more cuspy profiles.
3.6. Chemical composition
The stellar metallicity of galaxies, [Z/H], is known to increase with the mass of the galaxy and the density of its environment (Peng et al. 2010; Maiolino & Mannucci 2019). In addition, star-forming galaxies tend to have lower metallicities than passive galaxies of the same mass (e.g., Thomas et al. 2010; Peng et al. 2015; Maiolino & Mannucci 2019). Similarly, the abundance of α-elements, [α/Fe], is generally higher for more massive ETGs (Thomas et al. 2010; McDermid et al. 2015) while the α-abundance is lower in spirals (Proctor & Sansom 2002; Peletier et al. 2007; Ganda et al. 2007; Scott et al. 2017; Parikh et al. 2021). The chemical composition of galaxies can thus be expected to depend on their merger history. A high value of α-enhancement signifies rapid star formation (e.g., Thomas et al. 1999). The metallicity of ETGs grows toward their centers (e.g., Spolaor et al. 2009; Kuntschner et al. 2010; Scott et al. 2013; Li et al. 2018a), while the α-elements show nearly no gradient (Rowlands et al. 2018).
Dry major mergers tend to flatten the preexisting metallicity gradients simply because of the mixing of stellar populations (Di Matteo et al. 2009b). On the other hand, minor mergers tend to steepen metallicity gradients, since minor mergers tend to deposit the low-metallicity material of the small galaxies at high radii (Amorisco 2017; Karademir et al. 2019). Simulations indicate that gas-rich major mergers decrease both the central metallicity and the metallicity gradient, since tidal torques bring the metal-poor gas in galaxy centers (Kobayashi 2004; Montuori et al. 2010; Perez et al. 2011; Navarro-González et al. 2013; Hirschmann et al. 2015; Taylor & Kobayashi 2017, but see Hopkins et al. 2009a), as also indicated observationally (Rupke et al. 2010; Maiolino & Mannucci 2019). This means that the central starburst is not powerful enough to increase the central metallicity. On the other hand, the central starburst is able to increase the central enrichment by α-elements, which is hinted at both by simulations (Perez et al. 2011) and observations (Pierce et al. 2005). The values of metallicity and α-abundance we used here are the measurements by McDermid et al. (2015) within one effective radius, based on single-stellar-population (SSP) models. We checked that our results did not change if we used the star-formation-history ages published in the same work, which are based on full spectral fitting. Stellar population gradients were taken from Krajnović et al. (2020) and again are derived from SSP models. A higher value of the metallicity gradient means a less negative, and therefore a flatter, gradient. Chemical properties derived from SSP models are known to preferentially trace the properties of the old stellar populations present in the galaxy (Serra & Trager 2007).
Early-type galaxies can also form stars in situ during the second phase of assembly. There are indeed observational indications that star formation can be renewed in ETGs after some period of passivity (Thomas et al. 2010; Bílek et al. 2020; Yıldız et al. 2020). Simulations show that the stars formed in situ can constitute a substantial fraction of the stars of the resulting ETG too (e.g., Penoyre et al. 2017; Lagos 2018). One can argue that these in situ stars are formed by freshly accreted gas from the intergalactic medium, and therefore the new stars decrease the total metallicity of the galaxy. However, here we rely on the hypothesis that the stars formed in the second phase of ETG assembly do not cause a decrease in the metallicity of the galaxy. The first reason for this is the fact that the rejuvenated ETGs in the sample of Thomas et al. (2010), which are about 2 Gyr old, show the same or rather somewhat higher metallicities than the standard, old ETGs of the same velocity dispersion. Second, according to the calculations of Trussler et al. (2020), a typical star-forming galaxy transforms into a typical passive galaxy with the typical metallicity relatively quickly, on the characteristic time scale of around 2 Gyr. An ETG that experienced a temporal burst of star formation would likely turn back to the standard mass-metallicity relation even faster.
3.7. Stellar ages
Ages of galaxies generally grow toward higher masses, earlier morphologies, and denser environments (e.g., Thomas et al. 2010; McDermid et al. 2015; González Delgado et al. 2017). Stellar populations inside of galaxies generally become older toward the centers of galaxies (Spolaor et al. 2009; Kuntschner et al. 2010; Li et al. 2018a). Dry mergers lead to population mixing, while wet mergers can give rise to completely new stars in the merger remnant. Both dry and wet major mergers tend to flatten age gradients, while minor mergers, which deposit material far from the center, can increase them.
Here we consider the stellar ages, expressed in gigayears, measured by the SSP method from line indices. The measurements were taken from McDermid et al. (2015) and pertain to the stellar population in one effective radius. The ages are defined as the time passed since half of the stellar population was formed. The SSP age is know to be biased toward the younger stellar populations in the galaxy (Serra & Trager 2007). Uncertainties in age measurements grow quickly with the age. The age gradients we use here were taken from Krajnović et al. (2020).
4. Survivability of tidal disturbances
Estimating the distribution of the lifetimes of tidal disturbances is a difficult task. Once a tidal disturbance is induced by a merger, it will have a morphology of a tidal feature, that is shells, streams, tails, or their combination. Mancillas et al. (2019) did the first step toward the estimation of the lifetimes of different types of tidal features by inspecting one zoom-in hydrodynamic simulation of a galaxy in a ΛCDM Universe. With this approach, they included the destruction of tidal features by subsequent galaxy interaction. Of specific interest for this work, they investigated whether the features would be detected by the MATLAS survey. The tails were found to have the shortest lifetimes, namely below 1 Gyr. The longest lifetimes were for the shells, which lived for up to 4 Gyr. As the tidal disturbance evolves, it will eventually lose its characteristic morphology of a shell, tail, or a stream. After that it will be observable as disturbed outer isophotes. Mancillas et al. (2019) did not discuss the lifetimes of disturbed outer isophotes. In our paper, we assume that it will take at least 4 Gyr before any tidal disturbance disappears completely, regardless of its initial morphology.
We make an analytic upper estimate of the survivability of tidal disturbances in our galaxies. We ignore the fact that tidal features can be destroyed by new galaxy interactions (Mancillas et al. 2019). Then tidal features disappear because of the phase mixing mechanism (e.g., Mo et al. 2010), and therefore the characteristic time scale of the dissolving of the tidal disturbances is the orbital period of a star at the position of the tidal disturbance.
We measured the sizes of the irregularities in the galaxies with disturbed isophotes in MATLAS images and found that they are usually ten times larger than the effective radii. Therefore, we approximated the radii of the outermost isophotes as ROI = 10Re. We estimated the orbital period at ROI as
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where a stands for the gravitational acceleration at ROI. That was determined from the empirical radial acceleration relation (Lelli et al. 2017, see also Milgrom 1983) and the total stellar mass of the galaxy, which is 0.87MJAM. The results of Bílek et al. (2019a) indicate that the gravitational acceleration in ETGs might be even stronger than expected from the radial acceleration relation, in line with our effort to give an upper estimate for the survivability time. We assumed that tidal disturbances live at most for 10Torb after the merger. We then obtained that mean maximal survival time for our galaxy sample is 9 ± 3 Gyr, nearly independently of galaxy mass. Therefore, we adopted 9 Gyr as the maximum lifetime of tidal disturbances. This suggests that most of the tidal disturbances must have been formed before z = 1.4, which means during the second phase of ETG assembly.
5. Correlations of merger-sensitive parameters with [image: equation] at a fixed mass and environmental density
Here we describe our methodology. As we explained in Sect. 1, we assume that galaxies gradually lose rotational support primarily by mergers. At the present cosmic epoch, different galaxies are observed in different stages of the transformation. Some of the galaxies would still be classified as FRs according to their value of [image: equation], while others would already be classified as SRs.
Later in this paper, we deduce when these mergers were primarily happening and what type they typically were (i.e., wet or dry, and minor or major). This is found by determining how the merger-sensitive parameters change with the rotational support. However, it is necessary to take into account that the merger-sensitive parameters would correlate with the rotational support even if mergers did not influence the rotational support at all, for the reasons described below.
The typical number of mergers that a galaxy experiences is expected to be an increasing function of the current mass of the galaxy, because more massive galaxies have stronger gravitational fields and are more extended, and therefore dynamical friction can be effective up to larger distances. Therefore, their effective cross-section for mergers is expected to be larger than for galaxies of a lower mass. Next, the typical number of mergers that a galaxy experiences is expected to increase with the density of its environment because there are more galaxies in the vicinity available for merging5. The typical amount of stellar mass formed in situ is expected to be an increasing function of the current galaxy mass, again because a more massive galaxy is able to attract the accreted gas from a larger distance than a less massive galaxy. The typical amount of stellar mass formed in situ is expected to decrease with the density of environment because in these environments the effects of starvation, strangulation, ram pressure striping, and shock heating take place. As a result, the correlations of the rotational support with mass and environmental density would induce correlations of the rotational support with merger-sensitive parameters, even if the mergers did not influence the rotational support. In statistical literature, this is called the confounding effect. In Appendix A, we check that the rotational support correlates significantly with galaxy mass and partly also with environmental density, and thus the necessary condition for the confounding effect to happen is satisfied. The way to eliminate the confounding effect is to inspect the correlations of the quantities of interest at fixed values of the confounding quantities. In our case, this means inspecting the correlations of merger-sensitive parameters with the rotational support for galaxies of a fixed mass and environmental density.
The main method of this paper is based on the assumption that if we consider galaxies of a fixed mass and environmental density, then mergers typically have a larger importance for galaxies with a lower rotational support than for those with a higher rotational support. The word “typical” is important here because, for example, some mergers with a specific orbital configuration and gas content can spin up the galaxy (Di Matteo et al. 2009a; Qu et al. 2010; Naab et al. 2014; Penoyre et al. 2017), or because the rotational support depends also on the orientation of the galaxy with respect to the direction to the observer. The trends of the importance of mergers and rotational support are thus expected to be valid only in the statistical sense.
Ideally, one should sort the galaxy sample into narrow bins of mass and environmental density, and inspect in them the correlations between the rotational support and the merger-sensitive parameters. This is not possible for our sample because it is too small. We thus used another method that is able to eliminate or mitigate the confounding effect, namely the multilinear regression.
In particular, we made multilinear fits of each merger-sensitive parameter as a function of galaxy mass, environmental density, and rotational support:
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The fitted coefficients are listed in Appendix C. The coefficient at the rotational support in Eq. (3), aKS, can be used for assessing the correlation between the rotational support and the investigated merger-sensitive parameter without the confounding effects of mass and environmental density, provided that the relation between the quantities is well described by Eq. (3). In this method, one essentially substitutes the actual value of the merger-sensitive parameter of a given galaxy by the value predicted by the formula in Eq. (3) on the basis of the MJAM, ρ10, and [image: equation] of the galaxy. It then remains to be ascertained whether the correlation of the merger-sensitive parameter and the rotational support at a fixed mass and environmental density is statistically significant. To this end, we made another multilinear fit for the merger-sensitive parameter, but only as a function of the galaxy mass and environmental density:
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The statistical significance of the correlation of the given merger-sensitive parameter with the rotational support at a fixed mass and environmental density was evaluated through an F-test applied to the residuals of the fitting by Eqs. (3) and (4). The F-test indicated whether the addition of the rotational support among the independent quantities improved the quality of the fit significantly. In other words, we found in this way whether the rotational support provides any information on the given merger-sensitive parameter if the mass and environmental density of the galaxy are already known. We accepted the significance level of 5% for the F-test. This means that the probability that the test will indicate a significant correlation between the quantities, if the quantities actually do not correlate, is 5%.
The results are presented in Table 1. The second main column represents the results for our whole galaxy sample. The third and fourth main columns represent the results of our test when applied only to galaxies that have an MJAM mass lower or a higher than 1011 M⊙, respectively. This limit is motivated by the theoretical expectations described in Sect. 1. Similarly, in the last two main columns of Table 1, we divided our galaxy sample by the environmental density at ρ10 = −2. We are not aware of any past works that would show that galaxy properties abruptly change at a particular value of environmental density (e.g., separating filaments from galaxy groups). We chose our separating value on the basis of Fig. B.2 because, at this value, the incidences of tidal disturbances, dust lanes, and KDCs seem to change abruptly. We explored whether the results changed if we used other quantifications of the environmental density instead of log ρ10, namely the parameters Σ3 and ν10 of Cappellari et al. (2011b), and we found no substantial difference.
Table 1. 
Predictability of the investigated merger-sensitive parameters from the rotational support, [image: equation].

In Table 1, the sign subcolumns specify whether the given merger indicator typically increases or decreases toward a higher value of the rotational support for galaxies at a fixed mass and environmental density. This is the sign of the fitted parameter aKS in Eq. (3). The p subcolumns of the table give the p-value of the F-test – that is the probability that the inclusion of the rotational support in the multilinear fit of the given merger-sensitive parameter actually does not improve the fit substantially, even if the F-test indicates so. Thus, the lower the p-value, the more significant the correlation of the rotational support with the given parameter. The emphasized values signalize that including the [image: equation] term in the multilinear model improves the fit of the merger indicators at the significance level of 5% (bold font) or 1% (bold and larger font).
The table tells us that the rotational support indeed helps us to predict some of the merger-sensitive parameters, even if we already know the galaxy mass and environmental density. Namely, in the sample as whole, we find that for galaxies at a fixed mass and environment density, the rotational support correlates negatively with the incidence of disturbed isophotes, as well as with the incidences of KDCs, CRCs, and the 2σ features. On the other hand, the correlation is positive with a regular kinematic appearance. Next, we find that for galaxies at a fixed mass and environment density, the rotational support correlates positively with the values of metallicity and metallicity gradients (i.e., the galaxies of a higher rotational support usually have flatter metallicity gradients, since the gradients are usually negative). The most significant correlations of the rotational support are those with metallicity and with the presence of a KDC. Again, we point out that not detecting a significant correlation does not imply that the correlation does not exist. It can just be too weak to be detected in the current data.
Moving to the group of galaxies with log MJAM ≥ 11, for galaxies at a fixed mass and environmental density, we detected only one significant correlation: galaxies of low rotational support are more likely to have a relatively high abundance of α-elements. On the contrary, for the less massive part of our sample, we basically obtained the same correlations as for the whole sample. The exceptions are the correlations of the rotational support with disturbed isophotes and metallicity gradients, which slightly miss our significance threshold.
In the low-density subsample (log ρ10 < −2), we noted two substantial changes with respect to the full sample. First of all, at a fixed mass and environmental density, the central photometric cuspiness significantly decreases toward higher values of rotational support. In the high-density part of the sample, the trend is opposite, yet insignificant: the cuspiness tends to increase with increasing rotational support. The second substantial difference is the loss of a significant correlation between the rotational support and the incidence of disturbed isophotes with respect to the complete galaxy sample. In the high-density subsample, we detect most of the significant correlations detected in the full sample. The first exception is the one between the rotational support and regular rotation, whose significance misses somewhat our limit. The second change is the lack of correlation of the rotational support with the metallicity gradient.
It is known that metallicity correlates strongly with the stellar velocity dispersion of galaxies (Thomas et al. 2010; McDermid et al. 2015). We thus tested if the strong correlation of the rotational support and metallicity disappeared if we fixed not only the mass and environmental density, but also the stellar velocity dispersion taken from Cappellari et al. (2013), namely the velocity dispersion within the isophote counting half of the galaxy luminosity. We made a multilinear fitting and an F-test as before. The sense of the correlation of the rotational support and metallicity remained as in Table 1 and the significance did not change much.
It is useful to define the cleaned merger-sensitive parameters as:
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where the values of b, aM, and aρ were obtained by fitting Eq. (3) to the data. The cleaning allowed us to compare the values of the merger-sensitive parameters of galaxies without being affected by the confounding effects of mass and environmental density. The values of the cleaned parameters are provided in the table available at the CDS. Figure B.3 shows our galaxy sample in the space of the cleaned parameters versus the rotational support for all investigated merger-sensitive parameters.
6. Deducing the mechanism of decreasing the rotational support of ETGs from observations
Cosmological simulations of galaxy formation predict that ETGs decrease the level of their rotational support with time and that mergers play a substantial role in that (Sect. 1), which we take as a basic assumption in this paper. In this section, we exploit the correlations of the rotational support with merger-sensitive parameters at a fixed galaxy mass and environment density, as found in Sect. 5, to learn more about this transformation process from observations. We make use the fact that the different merger-sensitive parameters have different lifetimes and are sensitive to different types of mergers. We add further constraints based on findings from the literature. Relying on a constraint provided by a single parameter can be misleading since the merger-sensitive parameters can be influenced by other mechanisms than by mergers. It turned out to be advantageous that we are working here with many merger-sensitive parameters, because this allowed us to confirm some of our conclusions by several independent pieces of evidence. This allowed us to reduce the probability of a mistake caused by measurement errors or by misinterpreting the data. The individual pieces of evidence we found are summarized in Table 2. In the following paragraphs, we aim to find, for every constraint, not only an interpretation based on mergers, but also on other mechanisms. It turns out that every observation requires another alternative mechanism, which is often speculative or not underpinned by quantitative models. On the other hand, mergers appear as a more solid and universal explanation of all observations.
Table 2. 
Summary of the constraints on the typical mergers that caused the decrease in the ordered rotation of ETGs.

In Sect. 5 we found that, at a fixed mass and environmental density, the metallicity of a galaxy generally decreases with the decreasing rotational support. This is the most significant correlation we found. A similar result was found by Bernardi et al. (2019). This observational finding agrees with our assumption that the rotational support decreases because of mergers of smaller galaxies, because metallicity generally decreases with galaxy mass. Nevertheless, as with the other merger indicators, the metallicity of a galaxy is not influenced only by mergers, but also by other mechanisms or factors. These include the balance between the energy of gas outflow and the depth of the potential well of the galaxy (Pipino et al. 2010), the star formation history of the galaxy and its initial mass function (e.g., Matteucci 2014), a removal of gas cold gas from the galaxy, or an interruption of the inflows of intergalactic gas to the galaxy (Peng et al. 2015; Trussler et al. 2020). One can speculate that during the monolithic collapse phase, the formation of galaxies with a low rotational support is faster, and thus some of the alternative mechanisms are more effective than when the galaxy has a lower rotational support.
We detected that, at a fixed mass and environmental density, galaxies with a lower rotational support have a significantly higher incidence of disturbed outer isophotes. With a decreasing rotational support, the incidences of the different types of tidal features increase too, even if these correlations are not statistically significant. All types of tidal disturbances become particularly rare above the rotational support of 1.0, as Figs. 1 and B.3 show. This indicates that even at a fixed mass and environmental density, the galaxies with a lower rotational support experience more mergers. The tidal disturbances had to be younger than the maximum lifetime of tidal disturbances, which we estimated in Sect. 4 as 9 Gyr. On the other hand, it is important to note that even among the galaxies with the lowest rotational support, most galaxies do not show tidal disturbances. Indeed, out of the 25 SRs in our sample (i.e., their [image: equation] < 0.31), only eight have their cleaned indicator of disturbed isophotes higher than zero. Thus, if we ask for the typical cosmic epoch when mergers were decreasing the rotational support, it had to be before the minimum lifetime of disturbed isophotes, that is, before 4 Gyr (Sect. 4). There is no guarantee that the observed tidal disturbances were caused by the mergers that contributed most to the decreasing the rotational support. The findings suggest the possibility that galaxies with a lower rotational support live in environments where galaxy interactions are more common compared to those that have the same mass and environment density but a higher rotational support. As for the alternative explanations that do not rely on mergers, tidal disturbances could have been caused by non-merging galaxy flybys, which are expected to be common by alternative theories of gravity (Bílek et al. 2018, 2019b). If the rotational support of ETGs was set by internal processes, then we have to speculate that galaxies with a lower rotational support experience more non-merging flybys than galaxies with a higher rotational support. Tidal disturbances might also dissolve faster if the gravitational potential of the galaxy is flatter because the stars would not continue orbiting in the plane of collision, as in a spherical potential. It has indeed been found that FRs are oblate ellipsoids while SRs are closer to being spherical (Cappellari et al. 2007; Weijmans et al. 2014; Foster et al. 2017; Li et al. 2018b).
Next, we detected that, at a fixed mass and environmental density, galaxies with a lower rotational support possess KDCs, CRCs, and the 2σ features more often. This suggests that these kinematic substructures formed in the same mergers that were responsible for decreasing the rotational support of the galaxies. This would likely mean that the decrease in rotational support did not happen during the era when galaxies were mostly gaseous, that is, say before the redshift of three (more than 12 Gyr ago), because a streaming of gas flows in opposing directions in the same system is difficult. This maximum age estimate agrees well with the result of Ebrová et al. (2021), who found that the oldest KDC in the cosmological hydrodynamical simulation Illustris is 11.4 Gyr old at the current epoch. This observational constraint is, however, not very strong, since only relatively few galaxies have a KDC or CRC – the typical epoch of decreasing the rotational support might have been earlier. On the other hand, one should keep in mind that kinematic substructures can have a different origin than mergers, such as non-merging galaxy flybys (Hau & Thomson 1994; Young et al. 2020), projection effects (Statler 1991), and sequential accretion of gas from different cosmic filaments (Algorry et al. 2014, see also Ebrová et al. 2021). Also, we can speculate that a kinematic substructure might be more difficult to observe if its host galaxy has a strong net rotation, because the substructure would have a lower contrast in the kinematic map. Yet another speculative possibility is that during the monolithic collapse phase, the angular momentum of the inflowing gas changed its direction at some point.
An interesting constraint on the typical time of the kinematic transformation appears once we note that, at a fixed galaxy mass and environmental density, the incidence of KDCs, CRCs, and the 2σ features does not correlate significantly with the presence of tidal disturbances. We found this by the combination of the multilinear fitting and an F-test, just as we did when looking for correlations of our merger-sensitive parameters with [image: equation]. Taken in another way, out of the 19 galaxies with KDCs, CRCs, or the 2σ features, only five have a positive cleaned parameter of tidal disturbances (that is more prominent tidal disturbances than typical for galaxies of the given mass and environment density), which is 26 ± 12% (Poisson error assumed). If we count only the galaxies with KDCs or CRCs, only five of 13 (38 ± 17%) have a positive cleaned parameter of tidal disturbances. This is not an excess compared to the whole investigated galaxy sample, where the fraction of galaxies with a positive cleaned parameter of tidal disturbances is 36 ± 5%. This suggests that the transformation of the rotational support typically occurred before the minimum lifetime of the tidal disturbances, which is before 4 Gyr, otherwise most galaxies with kinematic substructures would show a positive cleaned parameter of tidal disturbances.
We did not detect any significant correlation between the rotational support and the stellar age for galaxies at a fixed mass and environmental density. This indicates that the decrease in the rotational support did not typically occur by the means of recent wet mergers that would form a lot of new stars. For the massive part of our galaxy sample (log MJAM > 11), we can combine this with additional constraints to get a more complete picture. For them, we detected that at a fixed mass and environmental density, a lower rotational support implies a higher abundance of α-elements. This is a signature of wet mergers, not dry. For these massive galaxies, we do not expect substantial recent in situ star formation that would be responsible for the high α-abundance. This is suggested both by the reconstructed observed star formation histories (McDermid et al. 2015) and cosmological simulations (Penoyre et al. 2017). To explain these constraints simultaneously, we propose that the mergers that lowered the rotational support of the massive galaxies had to be wet, but occurring at high redshifts, so that the difference in stellar age with respect to the galaxies with a higher rotational support cannot be measured. The mergers preferably had to happen when ETGs were still forming stars, which is at about z > 2, (about 10 Gyr ago). This view is supported by the observations of quiescent galaxies at z = 1.6 (9.6 Gyr ago) by Onodera et al. (2015). Their galaxies mostly had stellar masses over 1011 M⊙, and most of these galaxies are SRs (Emsellem et al. 2011). Onodera et al. (2015) found that if their galaxies evolved passively since the redshift of the observation, their metallicity and α-abundance would agree excellently with that of the ETGs in the nearby Universe. One could perhaps explain the negative correlation of the α-abundance with rotational support without mergers. For example if the progenitor gas cloud had a higher angular momentum, it settled more slowly, such that the star formation was less bursty, and that resulted in a stellar population that is poor in α-elements.
Another interesting constraint on the time of the lowering of the rotational support by mergers comes from the evolution of the cosmic spatial density of quiescent galaxies with redshift. Recent results suggest that the cosmic number density of quiescent galaxies with stellar masses over 1011 M⊙ (i.e.those that are mostly SRs in the nearby Universe), have not evolved at least since z = 1.4 (9.1 Gyr ago, Kawinwanichakij et al. 2020). This suggests that such galaxies do not experience any substantial mass growth by mergers. The lighter galaxies continued growing to a later time: the cosmic number density for the quiescent galaxies with stellar masses over 1010 M⊙ has not evolved since z = 1 (7.8 Gyr ago). We do not have lighter galaxies in our sample. The mergers that would cause the decrease in the rotational support bring some material and increase the stellar mass of the galaxies. Altogether, the observations show that galaxies of the masses investigated in this paper stopped evolving 8–9 Gyr ago. During the earlier epochs, the galaxies could change their masses either by mergers or in situ star formation. Thus, we can conclude that the mergers happened more than 8–9 Gyr ago. One might argue against this constraint: in the late cosmic times, galaxies grow more by minor mergers than by major mergers and the minor mergers tend to deposit their material at the outskirts of galaxies (Amorisco 2017; Karademir et al. 2019). This material is difficult to detect because of its low surface brightness, but it can comprise a non-negligible fraction of the stellar mass of the galaxy (Huang et al. 2018). However, it is then questionable if mergers that deposit material at the outskirts of galaxies can decrease the rotational support of the galaxy that is measured within one effective radius of the galaxy. In addition, the sample of Huang et al. (2018) consisted of extremely massive galaxies (logarithmic stellar masses over 11.4); for the MATLAS sample, Duc et al. (2015) found the halos of our galaxies to contain, on average, about 5% of the total luminosities of the galaxies (confirmed by another method in Sola et al. in prep).
Observations of massive galaxies at high redshifts provide yet further clues as to the time of formation of massive SRs. It turns out that quenched galaxies at higher redshifts are generally flatter than the local ETGs. The exceptions are the galaxies with logarithmic stellar masses over 11.3 that appear always round in projection, at least to z = 2 (Chang et al. 2013). If we assume that galaxies form first as rotating disks and then they transform to pressure-supported spheroids by mergers, then the most massive galaxies, which are usually are SRs, had to be formed before that redshift.
In addition, the flat quiescent galaxies at high redshifts also have lower Sérsic indices, resembling the spiral galaxies in the local Universe in this regard. The increase in the typical Sérsic index of quiescent galaxies in time can be attributed to mergers (Schweizer 1982; Hilz et al. 2013). Lustig et al. (2021) nevertheless found that the quiescent galaxies with stellar masses around 1011 M⊙ already had high Sérsic indices around 12 Gyr ago (z = 3), suggesting that the mergers happened before that time. The flat objects with low Sérsic indices, which prevail among quiescent galaxies at high redshifts, can be the progenitors of the local FRs, which prevail also in the population of the local ETGs. In addition, it is observed that effective radii, surface brightnesses, and luminosities of brightest cluster galaxies have not evolved at least for 10 Gyr (z = 1.8) (Chu et al. 2021, 2022).
Another constraint on the time of the transformation of the rotational support is provided by the inner photometric profiles. For our sample as a whole, we did not detect any trend of the γ′ parameter with the rotational support at a fixed mass and environmental density. We only found that the galaxies belonging to the low-density subsample (log ρ10 < −2) with a lower rotational support have more cuspy profiles. This disfavors dry mergers as the cause of the decrease in the rotational support, because such mergers should make the profiles more cored (this was already suggested for low-mass SRs by Krajnović et al. 2020). This suggests that mergers that decreased the rotational support were gas-rich, such that the increase in cores by the merging of the central black holes was balanced by the formation of new cusps, as explained in Sect. 3. This fits in our picture where the decrease in the rotational support happens primarily at high redshifts, when ETGs were still forming stars. Combining the lack of correlation between the rotational support and central photometric profile with the old ages of stellar populations, we expect that the mergers happened typically before z = 2 (10 Gyr ago). The higher cuspiness of galaxies with a low rotational support in the low-density environments suggests that in these environments the mergers were particularly gas-rich, in agreement with the environment-morphology relation. This was already suggested by Krajnović et al. (2020). We note that cores in ETGs can also be induced during the stage of the monolithic collapse (Nipoti et al. 2006), or as a result of repeated removals of gas from centers of galaxies by activity of galactic nuclei (van der Vlugt & Costa 2019). In order to explain the correlation found without mergers, these two alternative core-forming processes would have to be stronger for galaxies with a higher rotational support, which is again a speculative possibility. Our results could be somewhat biased by the fact that we had the information about the central photometric profile for a much lower number of galaxies than for the other investigated merger-sensitive parameters; namely, the slope of the inner photometric profile is available for 80 out of our 175 galaxies.
We did not detect any statistically significant correlation between the incidence of dust lanes and the rotational support for galaxies at a fixed mass and environmental density. Given that the lifetime of dust is expected to be under 1 Gyr (Patil et al. 2007), the mergers that decreased the rotational support likely typically happened before that time. The same result would be expected if the mergers were dry, which is, however, disfavored by some of the previous pieces of evidence.
We also did not detect a statistically significant correlation of the effective radius with the rotational support at fixed galaxy mass and environmental density. Here we assume that the decrease in the rotational support happens primarily by mergers, which implies that at a fixed galaxy mass and environment density, the galaxies with a lower rotational support should have larger effective radii if the mergers were dry, as explained in Sect. 3. This suggests that the decrease in the rotational support happened primarily when the galaxies were still mostly gaseous, say at z > 3, because the expansion by mergers works only for dissipationless systems. Alternatively, one might argue that the growth of the radius of the galaxies with a low rotational support by mergers was approximately the same as the growth of radius of the galaxies with a higher rotational support by in situ star formation.
Finally, we found that at a fixed galaxy mass and environmental density, the galaxies with a lower rotational support have steeper metallicity gradients6. As explained in Sect. 3, this signifies that mergers that decreased the rotational support were preferably minor. The gradients we used, being derived by the SSP method, are biased toward the old stellar populations. This further supports the hypothesis that the transformation happened a long time ago. The correlation is stronger in the low-density environment subsample. This can be explained by the accreted galaxies being more metal poor, as can be expected due to the fact that the metallicity of galaxies decreases toward low-density environments at a fixed galaxy mass. The steeper metallicity gradient of the galaxies with a low [image: equation] with respect to the galaxies with a high [image: equation] could also be explained by the fact that the latter routinely experience major mergers. This, however, goes against our assumptions and several observational findings stated above.
Another option that remains to be discussed is that the galaxies that currently have a low rotational support first experienced the ancient wet mergers at z > 2, which changed the values of the merger-sensitive parameters, but these mergers were not those that decreased the rotational support. The rotational support was instead changed at a lower redshift by mergers that did not influence the merger-sensitive parameters. We dismiss this option because it seems too fine-tuned and opposes Occam’s razor. In addition, it contradicts the abovementioned observed constancy of volume density of quenched galaxies since z = 1 − 1.4, and because in Sect. 7 we find that mergers in the current Universe are very rare.
To summarize this section, the observations can be explained easiest if the mergers that decreased the rotational support were wet and minor. They had to happen when the ETG progenitors were not completely gaseous, but still contained a substantial fraction of gas. This is at around z = 2 or even before, depending probably on the mass and surface density of the galaxy (see Sect. 1). The individual constraints on the time and way of the transformation described above are summarized in Table 2. This way of galaxies forming with a low rotational support resembles the pictures of the monolith collapse from the simulations of Kobayashi (2004), where the galaxy is rapidly assembled through many wet minor mergers. A wet clumpy collapse is what was also assumed in the successful chemical model of Thomas et al. (1999). A similar scenario was claimed to explain the chemical properties of KCDs (Bender & Surma 1992). Also, the simulations of Naab et al. (2014) showed that the galaxies with the lowest λ had to be formed by multiple minor mergers. The higher incidence of tidal disturbances observed in the galaxies with a low rotational support suggests that such galaxies live in environments where galaxy interactions are more common, such as the intersections of cosmic filaments. The late interactions, however, do not seem to be determinant for the properties of the galaxies, which we check again below in Sect. 7.
The observational evidence does not seem to agree with the prediction of cosmological simulations that the transformation of the kinematic structure of ETGs happened after the redshift of one (8 Gyr ago) (Penoyre et al. 2017; Lagos 2018). This seems to be another manifestation of the problem of the too gradual formation of ETGs in cosmological simulations (see Sect. 1). The ideal solution to determine when the transformation occurred would be to observe spatially resolved stellar kinematics at high redshifts. Fist observations of this type start appearing nowadays (Newman et al. 2018; Cole et al. 2020) but we have to wait until data become available for a statistically meaningful sample of galaxies.
It is interesting to put the typical time of the transformation that we determined, the redshift of about two, in the context of the other events happening in the Universe at the same epoch. The redshift of two is the time when the global star formation in the Universe, dominated by massive galaxies, started to drop (Madau & Dickinson 2014; Liu et al. 2018; Wilkins et al. 2019). At the same time, the frequency of galaxy interactions dropped too (Huertas-Company et al. 2015; Ventou et al. 2017, 2019). Before z = 2, the interstellar medium of star-forming galaxies was moving randomly, under the effect of turbulence, and the gas was forming a lot of giant gas clumps, which could hold a substantial fraction of the baryonic mass of the galaxies. At z ∼ 2, ordered motions in star-forming galaxies started to prevail (Simons et al. 2017). At the same time, galaxies attained the standard Hubble morphologies known from the local Universe, instead of showing prominent giant gas clumps (Mortlock et al. 2013; Lee et al. 2013). The redshift of about two thus seems to be a plausible point at which the kinematic morphology settles. Indeed, it has been proposed that the kinematic morphology is more fundamental than the Hubble photometric morphology (Cappellari et al. 2011b), and therefore settling both morphologies at the same time appears logical.
7. Sanity check: The role of the late galactic interactions in the decrease in the rotational support
In the previous section, we found multiple independent pieces of evidence that the rotational support is decreased by mergers typically before the redshift of two. It might be concerning that we also found that galaxies with a lower rotational support possess tidal disturbances more often at a fixed mass and environmental density. This observation alone could also be interpreted to mean that the rotational support is decreased before the maximum lifetime of tidal features, which is 9 Gyr (while this contradicts the other findings from the previous section). In this section we therefore inspected in more detail the role of the late interactions, whose signatures can still be observed as tidal features, in decreasing the rotational support. It seems that the late interactions do not significantly influence galaxies.
7.1. Recent major mergers do not contribute to the correlations with rotational support
In Sect. 5, we detected correlations between the rotational support and some of the merger-sensitive galaxy parameters. We used the correlations to deduce what mergers caused the decrease in the rotational support and found that they happened at high redshifts. In this section, we perform a sanity check on the early drop in the rotational support. According to the Illustris simulation, at z = 1 (8 Gyr ago) the progenitors of the current-day FRs and SRs had indistinguishable distributions of the λ parameter (Penoyre et al. 2017). Galaxy merging was relatively rare in the Universe in these late epochs. We expect every galaxy to have had relatively few of these recent mergers (e.g., Rodriguez-Gomez et al. 2015, and see Sect. 7.2) since z = 1 (7.8 Gyr ago), typically about one or five, depending on the mass ratio and whether we trust rather observations or simulations. These few mergers had to set the current λ of galaxies. There would be many galaxies that did not receive any substantial merger, and such objects would not show any correlation between the merger sensitive parameters and [image: equation]. The correlations that we detected would be caused only by the galaxies that experienced substantial merging. Galaxies showing large morphological disturbances (i.e., probable remnants of recent major mergers), would then contribute a large portion of the points that induce the detected correlations. We test this in this section and find that that it does not seem to be the case.
We identified the following 14 galaxies as the most serious candidates for major merger remnants, because of their morphology in the deep MATLAS images7: NGC 0474, NGC 1222, NGC 2764, NGC 3414, NGC 3610, NGC 3619, NGC 3640, NGC 4382, NGC 4636, NGC 4753, NGC 5485, NGC 5493, NGC 5557, and NGC 5866. These candidates are identified in the galaxy list available at the CDS. They show either strong morphological disturbances, even close to the centers of the galaxies, or their stellar halos are strongly offset from the central parts of the galaxies. Their indicator of disturbed isophotes is two (13 cases) or one (1 case). The galaxies often show complex tidal features and unrelaxed dust patches. Such galaxies underwent relatively strong interactions recently (before the lifetime of tidal features, see Sect. 4). We avoided the galaxies that seem to be involved in an ongoing interaction with their neighbors, or the galaxies whose morphology is difficult assess, for example because of pollution by the light scattered from a nearby star, or because the galaxies overlap with neighbors in projection. Our selection is likely biased in favor of mergers involving spiral or lenticular galaxies. Such mergers typically produce more distinct photometric irregularities than major mergers of pressure-supported galaxies. Our sample of major merger candidates spans both mass bins and both the density bins defined in Sect. 5.
We compared the properties of the major merger candidates to the less-disturbed galaxies in our sample in Fig. 2. It shows the galaxies in the space of the cleaned merger-sensitive parameters versus the rotational support. The figure shows only the parameters that were identified in Sect. 5 to correlate statistically significantly with the rotational support at a fixed mass and environment density of the galaxy. If the statistically significant correlation was detected only for one of the considered galaxy subsamples (that is the low- and high-mass subsamples, and the low and high environmental density subsamples), then the figure shows only the galaxies belonging to that subsample. In addition, to stress our arguments (see below), we also show the galaxies in the plane of the cleaned SSP age versus the rotational support, where the galaxies do not form a significant correlation. Every galaxy in Fig. 2 is represented by a point, and the major merger candidates are highlighted by crosses. The median values of the cleaned parameters and of the rotational support for all the depicted galaxies are marked by the dashed lines. We did not include among the plots in this figure the disturbed outer isophotes because their presence was the main criterion to select the major merger candidates – the major merger candidates would be offset from the other galaxies in the sample by definition. In agreement with what was found in Sect. 5, Fig. 2 shows that the major merger candidates have relatively low rotational support, compared to other galaxies.
	[image: thumbnail]	Fig. 2. Demonstration that the significant correlations between the rotational support and the merger-sensitive parameters detected above were not caused by recent major mergers. All galaxies from the sample are shown as points, while the candidates for the recent major merger remnants are highlighted by crosses. The horizontal coordinate of each panel shows the cleaned value of the given parameter. The vertical axis shows the rotational support. The dashed lines indicate the median values calculated for all available data.



The figure shows that the major merger candidates do not seem to contribute to the correlations. For example, it is striking that almost none of the candidates possess a KDC or other kinematic substructures. For the central photometric slope and the abundance of α-elements, there does not seem to be any cloud of points corresponding to the galaxies that did not experience any substantial recent merging. The data are rather explained better, such that another process defines the distribution of points in the space of cleaned parameters versus [image: equation], and that the major merger candidates are just randomly selected points at the given value of [image: equation]. This other process could be, in our interpretation, the numerous wet mergers at high redshift. In contrast, the distribution of the major merger candidates in the space of the cleaned SSP age versus [image: equation] is clearly biased. This is how we expect the major merger candidates to be distributed in the other plots, if the late mergers were responsible for forming the correlations.
We also note that the gradients of metallicity for the major merger candidates seem to be more positive (i.e. flatter) than for the other galaxies. At the same time, the major merger candidates have a low [image: equation] compared to the others. Together, this means that the major merger candidates actually make the detected correlation weaker. One interpretation is that these recent major mergers erase a correlation that was induced by the ancient numerous minor mergers.
The interactions that created the recent major merger candidates thus do not seem to be important for shaping the correlations that we used to infer how the rotational support of galaxies is lowered. This suggests that the mergers that lowered the rotational support had to be more major or numerous in order to induce the observed trends.
7.2. Events forming observable tidal disturbances are rare
Here we provide an estimate of how many interactions the galaxies in our sample experience per gigayear, on the basis of the observed incidence of tidal disturbances. The interactions appear to be relatively rare.
We assume that every tidal disturbance has the same life time, TL = 4 − 9 Gyr (see Sect. 4), that the frequency of the disturbance-forming events is the same for all the galaxies in the sample under consideration, and that the frequency is constant in time. We count only the independent interactions. This means, for example, that the interaction of a given galaxy with another galaxy and its satellite is counted as one interaction. Then the number of interactions that created tidal disturbances in a given galaxy, n, follows a Poisson probability distribution:
[image: thumbnail](6)
One can estimate the parameter of the distribution, μ, from the fraction of galaxies that are observed to have a tidal disturbance, f, by making use of the fact that
[image: thumbnail](7)
This gives μ = −ln(1 − f). The mean of a Poisson distribution is the parameter μ itself, and therefore the mean number of events that formed tidal disturbances in a galaxy in the considered sample can be estimated as
[image: thumbnail](8)
If galaxies typically experience a large number of events forming tidal disturbances in TL, then we expect tidal disturbances to be present in a large fraction of galaxies.
In the census of the tidal disturbances in the MATLAS sample, Bílek et al. (2020) found f for the total sample to be 41%, if we count both the certain and likely detections. The likely detections include the galaxies where the tidal disturbances were too faint to be detected with certainty, or the galaxies whose images had an inferior quality. This value of f is thus rather the upper limit of the true value. With this fraction of galaxies with tidal disturbances, we found that every galaxy typically experienced only 0.51 independent interactions in the last TL. For massive galaxies with log MJAM > 11, Bílek et al. (2020) found that f increases to 60%, meaning that such galaxies experienced on average 0.91 disturbing events in TL. Some tidal disturbances might had been undetected because of unfavorable projection effects. Mancillas et al. (2019) investigated this issue in simulations and found that streams and tails are not sensitive to projection effects, but shells are. Nevertheless, because several shells are usually present in a galaxy, it is possible to detect at least one of them from any line of sight. Moreover, that work did not consider galaxies with disturbed isophotes. Doing so would decrease the sensitivity to the projection effects. Even the most massive galaxies, therefore, have experienced just about one interaction in the last 4–9 Gyr. This also includes the minor mergers forming stellar streams. For the high-mass galaxies, we obtained the rate of interactions forming tidal disturbances of 0.23 per Gyr for the minimum TL, or 0.1 for the maximum one. This is in reasonable agreement with the merging rates estimated from the spatial density of close galactic pairs (Man et al. 2016). Out of the galaxies with MJAM < 1011 M⊙ in MATLAS, 36% have likely or certain detections of tidal disturbances. Equation (8) then implies that only 0.44 interactions happened in these lighter galaxies in the time TL, meaning that the merging rate is at most 0.11 per Gyr.
We were able to estimate the frequency of major mergers from the number of major merger candidates from the last section. The 14 galaxies constitute 8% of the whole MATLAS sample. From here we obtained ⟨n⟩ = 0.08, or at most 0.02 major mergers per Gyr, for the minimum lifetime of tidal disturbances. This agrees with the major merger rates found by the counts of galaxy pairs (Mundy et al. 2017). This shows that major mergers are extremely rare in the current Universe.
Thus, we again find evidence against the decrease in the rotational support within the lifetime of tidal disturbances. The increased incidence of tidal disturbances in galaxies with a low rotational support thus rather reflects that galaxies with a low rotational support have continued to receive more mergers even until today, but the late mergers do not usually change the properties of the galaxies substantially.
The above estimates of merging frequencies can be used to test the hypothesis that quenched galaxies increase their radius with redshift because of mergers. Trujillo et al. (2011) estimated the number of mergers necessary for explaining the observed evolution of radii of quenched galaxies with redshift. The masses of their galaxies were similar to ours. For the redshift of 0.4, which corresponds to the look-back time of about the minimum lifetime of tidal disturbances, they give 1.4 ± 0.3 mergers for the mass ratio of 1:3 or 3.0 ± 0.7 mergers for the mass ratio 1:10. The value for the major mergers is somewhat higher than the number of interactions that we estimated for the massive galaxies from the frequency of tidal disturbances, but still in the 2σ uncertainty limit. Nevertheless, we have to remember that many of the disturbances, especially the tidal streams, likely come from minor mergers and others are false detections. For the low-mass galaxies, the discrepancy is even higher. If we instead adopt the maximum lifetime of tidal disturbances, which corresponds to z = 0.8, the estimates of Trujillo et al. (2011) predict even a 2.5 times higher number of mergers than since the redshift of 0.4. This all suggests that the expansion of ETGs with redshift must be partly attributed to other mechanisms than mergers (Fan et al. 2008, 2010; Damjanov et al. 2009; Ishibashi et al. 2013; van der Vlugt & Costa 2019). Man et al. (2016) and Newman et al. (2012) arrived to the same conclusion from the counts of ongoing merger candidates. The need for alternative mechanisms is particularly strong for the low-mass galaxies. Indeed, the chemical models by Trussler et al. (2020) predict that gas outflows become more and more important toward ETGs with lower masses.
Further, it is worth noting that in the simulation inspected by Mancillas et al. (2019), at least one tidal stream in the reach of the MATLAS survey was detected for any time and for any line of sight. This contrasts with the large fraction of observed galaxies without any tidal disturbances; only 16% of galaxies in MATLAS have certain or likely detection of streams. This again points to a too extended formation of ETGs in cosmological simulations.
8. Corollaries of the assumption of the decrease in the rotational support by mergers
This paper is based on the assumption that galaxies are formed with a high rotational support, which is then decreased primarily in mergers. In this section we point out that this assumption alone can explain several observational facts.
If a galaxy gained a substantial fraction of mass through mergers, it will probably end with a low rotational support. Many massive galaxies and the central galaxies of clusters and galaxy groups are expected to have formed in this way (Dubinski 1998; Mihos 2003; De Lucia & Blaizot 2007; Penoyre et al. 2017). It follows from here that these galaxies can be expected to preferably be SRs. Indeed, the fraction of SRs increases with galaxy mass and the central galaxies are usually SRs (Emsellem et al. 2011; Houghton et al. 2013; D’Eugenio et al. 2013; Brough et al. 2017; Veale et al. 2017; van de Sande et al. 2021a).
Rotational support cannot be lower than zero. If galaxy mergers usually decrease the rotational support, then the galaxies that experienced many mergers will have their [image: equation] parameters clustered toward zero. This explains the finding that the distribution of galaxies in the λ plane versus stellar mass is bimodal, with one of the peaks near λ = 0 (van de Sande et al. 2021b) (even if similar studies can be affected by the sample selection bias, as demonstrated in Graham et al. 2018). Next, it is observed that for galaxies of a fixed stellar mass, the prominence of the peak near λ = 0 increases with the stellar mass, which can be explained by the greater fraction of material gained by accretion by the massive galaxies.
A galaxy that has gained a large fraction of mass through many mergers from different directions can be expected to lose any sign of the initial rotation. They would acquire a new kinematic morphology. Cappellari (2016) divided galaxies with a low value of rotational support into misclassified and genuine SRs. The two classes have different kinematic structures. The orbits of stars in the genuine SRs are randomly oriented, while the misclassified SRs seem to consist of two counterrotating disks. The genuine SRs probably correspond to the galaxies that experienced a large number of mergers. The misclassified SRs might have formed from FRs that experienced one merger that coincidentally had a suitable orbital configuration. Indeed, the massive galaxies that experience many mergers, are typically observed to be genuine SRs (Cappellari 2016).
It is worth noting that the galaxy sample investigated here is expected to contain only a few genuine SRs. Such galaxies have a [image: equation] < 0.31 and MJAM > 2 × 1011 M⊙ (Cappellari 2016). Even if our sample does not contain many genuine SRs, its members still experienced mergers. The final stage of this process is the formation of genuine SRs. Our approach here resembles the studies of the formation of quenched galaxies that make use of the green valley galaxies that have not quenched completely yet. (e.g., Trussler et al. 2020; Carleton et al. 2020; Noirot et al. 2022).
9. Final picture of the formation of SRs, FRs, and massive spirals
In this section, we address the typical formation paths undertaken by spiral galaxies, and fast and slow rotator ETGs. The proposed scenarios are outlined in Fig. 3. Our picture for the formation of the different galaxy types is based on the assumption that the most predictive factor of the evolution of a galaxy is its final mass. The primary dependence on mass agrees, for example, with the findings from Appendix A and with the fact that the morphology of galaxies correlates strongly with their mass: spirals are typically less massive than ETGs (Read & Trentham 2005; Blanton & Moustakas 2009; Kelvin et al. 2014) and FRs are less massive than SRs (Fig. B.1, Emsellem et al. 2011; Cappellari 2016; Veale et al. 2017; Brough et al. 2017; Greene et al. 2017; Graham et al. 2018). The first three rows of Fig. 3 depict the typical time evolution of a standard galaxy. In the last row, we included some of the nontypical ways the discussed galaxy types are formed.
	[image: thumbnail]	Fig. 3. Proposed scenario for the formation of massive galaxies outside of galaxy clusters. The columns from left to right correspond to the formation of a typical spiral, FR, and SR. At the top of each column, we state the typical current stellar mass of the respective galaxy type. The last row of the figure below the thick black line shows some nontypical ways of forming the different galaxy types. The dotted lines mark the evolutionary tracks of the different galaxy types.



We begin with the proposed formation scenario of a typical SR, which is depicted in the right column of Fig. 3. It is based mostly on our findings for galaxies outside of galaxy clusters, but we argue later that even the cluster SRs follow a similar formation path. Before the redshift of about two, the galaxy rapidly grows by in situ star formation (Sect. 1). It experiences numerous wet mergers. This leads to a high enrichment of the stellar population by α-elements. The present-day slow rotation suggests that the accreted material was arriving from multiple directions, a process that is favored if the galaxy was located at the intersection of the multiple cosmic filaments that bring in the galaxy intergalactic medium (IGM) and other, smaller, galaxies. The location of SRs at the intersections of cosmic filaments does not necessarily imply that they live in regions of extremely high concentrations of galaxies. Some filaments may indeed host a low number of galaxies that are sparsely distributed. Part of the inflowing IGM is shock-heated, forming a halo of hot gas around the galaxy (Sect. 1). At the redshifts above two, the cold IGM is still able to penetrate the hot halo of the massive galaxies and feed the star formation in the galaxies. According to the successful chemical models of monolithic collapse by Pipino et al. (2010), the galaxy quenches because of supernova winds. The quenching proceeds outside-in.
The mergers experienced by the galaxy contribute to the decrease in the rotation support of the galaxy. Nevertheless, there are some additional mechanisms that might contribute as well. We consider two equal gas clouds that have the same apocentric distance with respect to the center of a spherical galaxy, but one cloud is on a circular orbit and the other is on a radial orbit. The binding energy of the gas cloud on the circular orbit is lower. The supernova winds that are supposed to quench the galaxy will thus preferentially remove the gas cloud from the galaxy on the circular orbit. The α-enhancement identified for the galaxies with a low rotational support suggests that SRs experience a stronger feedback than FRs of the same mass. Similarly, the non-detection of a correlation between the effective radius and the rotational support at a fixed mass and environment density indicates that the original potential energy of the accreted galaxies must be removed from the system, either in the form of radiation or gas outflows, a process that will preferentially remove the gas clouds on originally circular trajectories.
It is relevant to note that the gas-rich galaxies that we identified as the progenitors of SRs contain many giant gas clumps at high redshifts (Conselice et al. 2008; Elmegreen et al. 2009; Elmegreen & Elmegreen 2014; Cava et al. 2018). Their masses can reach up to 109 M⊙ and are probably gravitationally self-bound (Bournaud et al. 2014; Tadaki et al. 2018; Fensch & Bournaud 2021). Their sizes are often comparable to the sizes of the most distant quiescent galaxies (∼1 kpc). Once their original host galaxy is accreted by the future SR and turns into tidal debris, these gas clouds move on randomly oriented orbits and contribute to the turbulent nature of gas around the future SRs.
At the redshift of around one, the formation of the SRs becomes much quieter. By the redshift of around two, the IGM filaments can no longer reach the center of the galaxy (Sect. 1). All arriving IGM is shock-heated so that it contributes to the hot halo. The frequency of mergers also decreases. The mergers become drier, because generally all massive galaxies become gas poorer in later cosmic epochs, and partly because of the quenching of the satellites in the hot halo of the main galaxy. Toward the redshift of zero, the frequency of mergers decreases even further. The possibility that SRs reside at the intersections of several filaments is strengthened by the fact that we found that with the decrease in the rotational support of the galaxies, the incidence of disturbed isophotes increases at a fixed mass and environmental density.
Here we come to the question of the formation of the cluster SRs. For the non-cluster SRs, we explained above the observational constraints by the SRs residing on intersections of cosmic filaments. But this is exactly the location of galaxy clusters and massive groups. The reasoning above thus hold true also for the central galaxies of these structures. Our assumption on the transformation of the kinematic structure by mergers alone has an interesting implication: the most massive galaxies are expected to experience the highest number of mergers partly because of the strength of their gravitational field and partly because they tend to be the central galaxies of their environments. In the end, the galaxy gains most of its mass by mergers. This object type differs from FRs and spirals by a relatively low fraction of stellar mass formed in situ. As galaxy groups and clusters merge together, the central SRs of the original structures can become noncentral galaxies of the new structures. The central SRs of groups and clusters are expected to experience, compared to the non-cluster SRs, many dry mergers (Dubinski 1998; Mihos 2003; De Lucia & Blaizot 2007). These produce the observed central photometric cores (e.g., Krajnović et al. 2020). One has to remember that even the central cluster galaxies were gas rich at early cosmic epochs and their rotational support might have already decreased to the current value by that time.
The formation of spirals seems to be the reverse of the formation of SRs. Most spiral galaxies do not have classical bulges and many do not contain detectable stellar halos (Kormendy et al. 2010; Peebles & Nusser 2010; Fisher & Drory 2011; Merritt et al. 2016). Such features are supposed to form mostly by mergers (Naab & Burkert 2003; Bournaud et al. 2005, 2007). This suggests that spirals form much more smoothly than ETGs: either completely by smooth accretion of the IGM (Sancisi et al. 2008), with a small contribution of minor mergers, or possibly by very gas-rich mergers at high redshifts. The low abundance of classical bulges in the observed spirals and the non-detection of the stellar halos are difficult to reproduce in current cosmological simulations of galaxy formation (Brooks 2016; Peebles 2020; Merritt et al. 2020). Spiral galaxies possess hot gas halos at least down to the stellar mass of 109 M⊙ (Li et al. 2014, 2017) but cold gas streams are able to go through the halos (Dekel & Birnboim 2006).
The formation of FRs seems to be an interpolation between the formation of spirals and SRs. At the redshift of two to three, a typical FR faced fewer mergers than a typical SR and it grew more by in situ star formation. If the FR formed in a node of the cosmic web, then only a few filaments were joining in the node, or some of the filaments conducted much more material into the node than the other filaments. As the galaxy contained a lot of gas, it became gravitationally unstable (Tadaki et al. 2018) and formed massive giant clumps, which helped to dynamically heat the disk, make it thicker (Bournaud et al. 2014; Clarke et al. 2019), and produce a bulge (Noguchi 1999; Elmegreen et al. 2008; Hopkins et al. 2012). Mergers contribute to the thickening of the disk and to the formation of the bulge. Another source of thickening of the disk might be the strong bars that are hinted at by observations of submillimeter galaxies (Gullberg et al. 2019; Hodge et al. 2019; Dudzevičiūtė et al. 2020). Similarly to SRs, at z = 1 the merging activity has decreased, just as the inflow of fresh intergalactic gas. Because of the typically lower masses of the FRs, the gas is partly able to reach the galaxies. This is suggested by the presence of molecular gas in many galaxies in the given mass range (Young et al. 2011), or the non-negligible star formation implied by the reconstructed star formation histories (McDermid et al. 2015). In addition to mass quenching, star formation is further suppressed by morphological quenching and possibly other mechanisms. Our results from Sect. 7.2 suggest that the frequency of mergers is too low to explain the growth of radii of quenched galaxies with redshift and the discrepancy is the strongest for the galaxies with MJAM < 1011 M⊙. Therefore, an additional mechanism is needed in these galaxies, such as gas outflows (Sect. 1). The need for outflows is hinted at also by the chemical composition of these galaxies (Trussler et al. 2020).
Figure 4 schematically shows curves of the proposed intensity and source of the accreted material by different types of galaxies as functions of the cosmic time. It is inspired by studies of stellar populations (Thomas et al. 2010; Pipino et al. 2013; McDermid et al. 2015; González Delgado et al. 2017) and the merging histories deduced above. The shapes of the curves reflect the “galaxy downsizing” phenomenon (e.g., Neistein et al. 2006); in other words, that the high-mass galaxies form first and the less massive galaxies form later.
	[image: thumbnail]	Fig. 4. Proposed assembly of different types of massive non-cluster galaxies. The curves schematically show the intensity and type of inflow of baryonic material into the galaxies over time.



Not all galaxies follow the typical paths described above. For example, a spiral galaxy can be quenched by starvation and turn into an ETG after entering the hot gas halo of a galaxy cluster. The opposite transition is also possible. There are signatures that formerly passive galaxies acquire star-forming disks and become bulged spirals (de la Rosa et al. 2016). Mergers of special relative orbital configurations might lead to the formation of galaxies with two counter-rotating stellar populations. They would then be classified as SRs according to our accepted parametric criterion.
10. Summary and conclusions
Cosmological hydrodynamical simulations suggest that galaxies are formed with a high degree of rotational support, which decreases later. Mergers play a substantial role in the transformation. According to these simulations, this transition happened less than about 8 Gyr ago (redshift of one). In this paper we have investigated this transformation observationally, for ETGs outside of galaxy clusters, initially assuming that mergers are solely responsible for the transformation. To quantify how much the transformation proceeded in a given galaxy until now, we primarily made use of the parameter [image: equation] introduced by Emsellem et al. (2011) and called the rotational support here. By definition, SRs have a rotational support lower than 0.31, and FRs have a rotational support higher than this. We exploited multilinear regressions on data from the ATLAS3D and MATLAS surveys in order to study the correlations of various parameters that are expected to be sensitive to mergers with the rotational support for galaxies of a fixed mass and environmental density. The results were then interpreted making use of the facts that every merger indicator has a different lifetime and is sensitive to a different type of merger (minor or major, wet or dry). It was crucial to study the correlations at a fixed mass and environmental density in order to account for the so-called confounding effect, that is, the fact that [image: equation] correlates with the galaxy mass and with the environmental density, and that different merger-sensitive parameters correlate with these quantities as well. We also considered other observational results from the literature, mostly from observations of the high-redshift Universe. We can summarize our results as follows:

	
The observations indeed agree with the hypothesis that the rotational support of galaxies is initially high and then it decreases due to successive mergers. At a fixed stellar mass and environmental density, the galaxies with a low rotational support more often contain tidal disturbances and kinematic substructures compared with the galaxies with a higher rotational support. In addition, the metallicity of the galaxies with a lower [image: equation] is typically lower.



	
We found many pieces of evidence showing that the decrease in the rotational support happened preferentially toward the end of the first phase of the ETG assembly, when the galaxies still contained a substantial fraction of gas. This means around z = 2 or perhaps before, depending on the mass or surface density of the galaxy (Sect. 1). This is supported by the fact that the majority of present-day SRs do not show tidal disturbances, and that, at a fixed mass and environmental density, the galaxies with a lower rotational support do not have substantially different effective radii than galaxies with a higher rotational support. The mergers had to be typically wet, for example because at a fixed mass and environmental density, the galaxies with low rotational support have a higher abundance of α-elements, as if the mergers decreasing the kinematic stage were causing starbursts. The mergers also had to be minor to account for the fact that, at a fixed mass and environment density, galaxies with a low rotational support tend to have steeper metallicity gradients. The evidence for the early time of kinematic transformation is particularly strong for high-mass galaxies (MJAM > 1011 M⊙). For them, observations by other authors of their probable progenitors at high redshifts indicate that they already had spherical shapes and their current stellar masses at z = 1 − 2. The timing of the establishment of the kinematic morphology coincides with that of the photometric morphology (i.e., the Hubble sequence). At that same epoch, ordered motions of gas prevailed over chaotic motions in star-forming galaxies. We found that the kinematic transformation of ETGs happened earlier than simulations predict. This agrees with the independent findings of other works that the formation of ETGs in cosmological simulations is too extended.



	
Galaxies with a lower rotational support still experience more galaxy interactions today than the galaxies with a higher rotational support at a fixed mass and environmental density. They seem to live in environments where interactions are more frequent. Such recent interactions, however, are rare and do not greatly influence the properties of the galaxies.



	
From the measured frequency and estimated survival time of the tidal disturbances observed in deep images, we estimated a merger rate of at most 0.23 Gyr−1 for galaxies with MJAM > 1011 M⊙, or 0.11 Gyr−1 for galaxies with MJAM < 1011 M⊙. We inferred a frequency of major mergers of 0.02 Gyr−1. These numbers agree with what has been estimated from the frequency of close galaxy pairs in the literature. The frequency of mergers seems to be insufficient to explain the growth of the effective radius of ETGs with time, and therefore additional mechanisms are necessary to account for it.



	
We have proposed a picture of formation of FRs, SRs, and massive spirals that seems to account for all observational constraints considered in this paper (Sect. 9). The formation of a typical SR is fast and involves numerous mergers. Spirals typically assemble gradually and smoothly, with most material gained through the accretion of the IGM. The formation of typical FRs lies between these two extremes.






1 http://www.astro.ucla.edu/~wright/CosmoCalc.html


2 http://www-astro.physics.ox.ac.uk/atlas3d/


3 http://obas-matlas.u-strasbg.fr


4 We follow here the classification by Krajnović et al. (2011).


5 Actually, in galaxy clusters mergers can be prevented because of high relative velocities of the galaxies (Ghigna et al. 1998; Mihos 2003), but we do not have cluster galaxies in our sample.


6 We noted the apparent contradiction with the results of Krajnović et al. (2020) who reported less steep metallicity gradients in SRs compared to FRs. There are several reasons for this: 1) Krajnović et al. (2020) did not compare the γ′ parameter for FRs and SRs of the same mass and environmental density; 2) while they analyzed the ATLAS3D sample just as we did, our sample contains only its MATLAS subset, which avoids the Virgo cluster; 3) Krajnović et al. (2020) applied a binary separation of ETGs to FRs and SRs.


7 Images of all MATLAS galaxies are available at http://obas-matlas.u-strasbg.fr.
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Appendix A:  Correlations between the merger-sensitive parameters, rotational support, galaxy mass, and environmental density
In this section we explore whether the galaxy mass MJAM, environmental density ρ10, and the rotational support [image: equation] correlate in our sample with each other, and with the investigated merger-sensitive parameters. We find evidence of such correlations, which is a warning that one should be aware of the confounding effect when investigating the influence of mergers on the rotational support through the merger-sensitive parameters. In addition, we also investigate the differences in the merger sensitive parameters for SRs and FRs.
We explored how the mentioned quantities correlate exploiting Pearson’s correlation coefficient. The results are listed in Table A.1. In the first three main columns, the sub-column “sign” signifies the sign of the correlation. The sub-column “p” shows the p-value of every correlation, (i.e., the probability that there is actually no correlation). All other relevant numbers pertaining the correlations are provided in Appendix C.
Table A.1. 
Correlations of the investigated merger-sensitive parameters with different properties of the galaxies.

To summarize the results in Table A.1, we found the following statistically significant correlations between the merger-sensitive parameters and the rotational support. With increasing rotational support, a galaxy has a decreasing probability of possessing disturbed outer isophotes, containing some form of tidal disturbances, hosting a KDC or a CRC, and having a smaller effective radius. With an increasing rotational support, a galaxy has an increasing probability of not containing any kinematical substructures, of having a more cored central photometric profile, and a higher metallicity.
We compare the merger-sensitive parameters of FRs and SRs in the fifth main column of Table A.1. The first sub-column indicates the average value of the given parameter for SRs. The second sub-column shows the analogous values for FRs. The numbers in parenthesis indicate the uncertainty in the last digit of the mean value. The last column is the probability that the statistical distributions of a given parameter are the same between the two groups of galaxies. This was obtained through the two-sample KS test. The SRs show, with respect to FRs, a higher incidence and frequency of shells, a higher incidence of KDCs and CRCs, a lower incidence of regular kinematic fields, and they have larger effective radii. All of these differences can be expected simply by the fact that SRs are, on average, more massive than FRs.
The correlations with the mass of the galaxy can be read in the third main column of Table A.1. The more massive a galaxy is, the more it is probable that it will host tidal features of any type, or that it will possess disturbed outer isophotes. It will also be more probable that it will host a higher number of shells and streams. More massive galaxies also tend to have a larger effective radius, older stellar populations, a higher metallicity, and a higher content of α-elements. On the contrary, more massive galaxies tend to have more negative age gradients.
The correlations of merger-sensitive parameters with the density of environment are shown in the fourth main column of Table A.1. We remind the reader that we do not have galaxies in clusters in our sample. We found two correlations that are statistically significant. Galaxies in denser environments have a higher probability of hosting at least some type of tidal features or a tidal disturbance.
For our sample, we found a significant correlation of the rotational support with log MJAM having a Pearson coefficient of -0.16 with a p-value of 3.6%. This agrees with the dedicated studies (see Sect. 1). For the correlation of log ρ10 with the rotational support, we found a Pearson coefficient of -0.06 with a p-value of 41%. In agreement with a previous study of the ATLAS3D sample (Cappellari et al. 2011b), we thus found a very weak correlation between kinematics and environment within our subsample of mostly group galaxies. A significant trend between kinematics and environment was previously reported for the Virgo cluster galaxies (see Figs. 6-7 of Cappellari et al. 2011b). For our sample, the correlation of log MJAM and log ρ10 has a Pearson coefficient of 0.01 and a p-value of 90%.

Appendix B:  Supplementary figures and data
	[image: thumbnail]	Fig. B.1. Rotational support as a function of MJAM and ρ10. The dashed lines indicate the cuts that we used to define the low-(high-) mass or density subsamples.



	[image: thumbnail]	Fig. B.2. Investigated merger-sensitive parameters as functions of the rotational support (vertical axis in each tile) and the ρ10 environmental density (horizontal axis in each tile). We point out again that our sample does not contain galaxies in clusters. See Fig. 1 for an explanation of the meaning of the colors of the points.



	[image: thumbnail]	Fig. B.3. Relation of the cleaned merger-sensitive parameters (vertical axis in each tile) and the rotational support (horizontal axis in each tile). Red points show galaxies with log MJAM ≥ 11. Blue points show galaxies with log MJAM < 11. Full points show galaxies in environmental densities log ρ10 ≥ −2. Empty points show galaxies in environmental densities log ρ10 < −2.




Appendix C:  Linear fits
Table C.1. 
Linear fits of the characteristics of the galaxies in the form [parameter] =b + ax, where x is either the rotational support, log MJAM, or log ρ10.

Table C.2. 
Linear fits of characteristics of the galaxies in the form [parameter] =b + aMlog MJAM + aρlog ρ10 + aKS [image: equation] for our sample in its completeness.

Table C.3. 
Linear fits of characteristics of the galaxies in the form [parameter] =b + aMlog MJAM + aρlog ρ10 + aKS [image: equation] for our sample divided into two mass bins.

Table C.4. 
Linear fits of characteristics of the galaxies in the form [parameter] =b + aMlog MJAM + aρlog ρ10 + aKS [image: equation] for our sample divided into two environmental density bins.
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	[image: thumbnail]	Fig. 1. Investigated merger-sensitive parameters as functions of the rotational support (vertical axis in each tile) and the MJAM mass of the galaxy (horizontal axis in each tile). Each point represents one galaxy. The colors of the points indicate the values of the quantities stated in the tiles of the figures, coded according to the color bars given to the right of each tile. For shells, streams, tails, disturbed isophotes, and dust lanes, the values of zero, one, or two indicate that the feature is not present, is likely present, or is certainly present, respectively. The frequency of shells, streams, and tails indicates the number of these features in the galaxy. For KDCs, CRCs, KTs, and the 2σ features, the values of zero or one mean that the kinematic substructure is not or is present in the galaxy, respectively.
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	[image: thumbnail]	Fig. 2. Demonstration that the significant correlations between the rotational support and the merger-sensitive parameters detected above were not caused by recent major mergers. All galaxies from the sample are shown as points, while the candidates for the recent major merger remnants are highlighted by crosses. The horizontal coordinate of each panel shows the cleaned value of the given parameter. The vertical axis shows the rotational support. The dashed lines indicate the median values calculated for all available data.
In the text



	[image: thumbnail]	Fig. 3. Proposed scenario for the formation of massive galaxies outside of galaxy clusters. The columns from left to right correspond to the formation of a typical spiral, FR, and SR. At the top of each column, we state the typical current stellar mass of the respective galaxy type. The last row of the figure below the thick black line shows some nontypical ways of forming the different galaxy types. The dotted lines mark the evolutionary tracks of the different galaxy types.
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	[image: thumbnail]	Fig. 4. Proposed assembly of different types of massive non-cluster galaxies. The curves schematically show the intensity and type of inflow of baryonic material into the galaxies over time.
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	[image: thumbnail]	Fig. B.1. Rotational support as a function of MJAM and ρ10. The dashed lines indicate the cuts that we used to define the low-(high-) mass or density subsamples.
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	[image: thumbnail]	Fig. B.2. Investigated merger-sensitive parameters as functions of the rotational support (vertical axis in each tile) and the ρ10 environmental density (horizontal axis in each tile). We point out again that our sample does not contain galaxies in clusters. See Fig. 1 for an explanation of the meaning of the colors of the points.
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	[image: thumbnail]	Fig. B.3. Relation of the cleaned merger-sensitive parameters (vertical axis in each tile) and the rotational support (horizontal axis in each tile). Red points show galaxies with log MJAM ≥ 11. Blue points show galaxies with log MJAM < 11. Full points show galaxies in environmental densities log ρ10 ≥ −2. Empty points show galaxies in environmental densities log ρ10 < −2.
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      Table 2. 

      Summary of the constraints on the typical mergers that caused the decrease in the ordered rotation of ETGs.

      
        


	Observation
	Time sincetransformation [Gyr]
	Indicates minormergers?
	Indicates wetmergers?
	From oursample?





	Tidal disturbances
	> 4
	n
	n
	Y



	KDCs
	< 12?
	n
	n
	Y



	KDCs + tidal disturbances
	> 4
	n
	n
	Y



	Stellar age + α-elements (massive ETGs)
	> 10
	n
	Y
	Y



	Galaxy counts at high z
	> 8–9
	n
	n
	n



	Ellipticities of massive quenched galaxies at high z
	> 10
	n
	n
	n



	Sérsic indices of massive quenched galaxies at high z
	> 12
	n
	n
	n



	Luminosities, surface brightnesses and effective radii of brightest cluster galaxies at high z
	> 10
	n
	n
	n



	Inner phot. profiles (low environmental density)
	> 10
	n
	Y
	Y



	Dust lanes
	> 1
	n
	n
	Y



	Effective radii
	> 12
	n
	Y
	Y



	Metallicity gradients
	
	Y
	n
	Y





      

      
Notes. Observation: The observable providing constraints on the properties of mergers that caused the kinematic transformation. The order is as discussed in the text. Time since transformation: The typical time of the kinematic transformation implied by the given observable. A question mark indicates a speculative estimate. Indicates minor mergers? and Indicates wet mergers?: The columns show whether the given observable implies that the mergers causing the kinematic transformation were minor or wet, respectively. The symbols “Y” and “n” indicate yes and no, respectively. None of the observing facts considered in this study indicate that the mergers were major or dry. From our sample?: Indicates whether the given observational data are those analyzed in this paper or come from literature, with the meaning of symbols as before. The data from literature sources might be less telling for the galaxy sample investigated in this paper.



    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Proposed scenario for the formation of massive galaxies outside of galaxy clusters. The columns from left to right correspond to the formation of a typical spiral, FR, and SR. At the top of each column, we state the typical current stellar mass of the respective galaxy type. The last row of the figure below the thick black line shows some nontypical ways of forming the different galaxy types. The dotted lines mark the evolutionary tracks of the different galaxy types.

      

    

  
    
      Fig. B.1. 
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        Rotational support as a function of MJAM and ρ10. The dashed lines indicate the cuts that we used to define the low-(high-) mass or density subsamples.

      

    

  
    
      Fig. B.3. 
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        Relation of the cleaned merger-sensitive parameters (vertical axis in each tile) and the rotational support (horizontal axis in each tile). Red points show galaxies with log MJAM ≥ 11. Blue points show galaxies with log MJAM < 11. Full points show galaxies in environmental densities log ρ10 ≥ −2. Empty points show galaxies in environmental densities log ρ10 < −2.

      

    

  
    
      Table C.1. 

      Linear fits of the characteristics of the galaxies in the form [parameter] =b + ax, where x is either the rotational support, log MJAM, or log ρ10.

      
        











	
	Rotational support
	log MJAM
	log ρ10



	Parameter
	b
	a
	r
	b
	a
	r
	b
	a
	r





	Shells
	0.5(1)
	−0.3(1)
	-13
	−3(1)
	0.3(1)
	19
	0.5(1)
	0.11(9)
	9.9



	Streams
	0.4(1)
	−0.2(1)
	-11
	−3(1)
	0.3(1)
	21
	0.5(1)
	0.12(8)
	11



	Tails
	0.4(1)
	−0.2(1)
	-10
	−0(1)
	0.1(1)
	4.0
	0.4(1)
	0.12(8)
	11



	Disturbed isophotes
	1.0(1)
	−0.6(2)
	-25
	−5(1)
	0.5(1)
	27
	0.8(2)
	0.2(1)
	13



	Any TF
	0.8(2)
	−0.3(2)
	-12
	−3(2)
	0.4(1)
	19
	0.9(2)
	0.2(1)
	15



	Any TF or DI
	1.0(2)
	−0.4(2)
	-17
	−6(2)
	0.6(1)
	30
	1.1(2)
	0.2(1)
	15



	Shell fr.
	1.0(3)
	−0.6(4)
	-13
	−5(3)
	0.6(3)
	15
	0.9(4)
	0.2(2)
	8.0



	Stream fr.
	0.3(1)
	−0.2(1)
	-9.9
	−3(1)
	0.3(1)
	21
	0.4(1)
	0.10(8)
	9.7



	Tail fr.
	0.27(8)
	−0.2(1)
	-11
	−0.4(9)
	0.06(8)
	5.1
	0.3(1)
	0.09(6)
	11



	Dust
	0.2(1)
	0.1(1)
	5.6
	1(1)
	−0.1(1)
	-6.0
	0.2(1)
	−0.02(8)
	-1.8



	KDC
	0.17(3)
	−0.17(4)
	-30
	−0.2(4)
	0.02(4)
	4.0
	0.04(4)
	−0.00(3)
	-0.78



	CRC
	0.15(3)
	−0.16(4)
	-30
	−0.5(3)
	0.05(3)
	12
	0.03(4)
	−0.00(2)
	-0.74



	KT
	0.03(2)
	−0.03(2)
	-9.9
	−0.4(2)
	0.04(2)
	14
	0.05(2)
	0.02(1)
	12



	2 σ
	0.12(3)
	−0.12(4)
	-21
	0.7(3)
	−0.06(3)
	-15
	0.05(4)
	0.01(2)
	3.2



	No kin. feature
	0.48(8)
	0.3(1)
	26
	2.3(8)
	−0.15(8)
	-14
	0.6(1)
	−0.08(6)
	-10



	log Re
	0.54(4)
	−0.12(5)
	-19
	−3.4(3)
	0.36(3)
	72
	0.50(5)
	0.03(3)
	7.4



	Core γ′
	0.50(8)
	0.2(1)
	23
	5.9(8)
	−0.49(8)
	-59
	0.6(1)
	−0.04(7)
	-6.2



	SFH age
	10.8(5)
	−1.0(7)
	-11
	−36(5)
	4.3(4)
	61
	10.7(7)
	0.4(4)
	7.3



	SSP age
	9.5(8)
	−1(1)
	-9.3
	−49(7)
	5.4(6)
	54
	9(1)
	0.5(6)
	6.2



	SSP age gr.
	0.15(4)
	0.02(6)
	3.1
	2.2(4)
	−0.19(4)
	-33
	0.24(5)
	0.04(3)
	9.7



	SSP Z
	−0.31(3)
	0.11(4)
	22
	−2.0(3)
	0.17(3)
	43
	−0.21(4)
	0.02(2)
	6.4



	SSP Z gr.
	−0.42(4)
	0.09(5)
	14
	−1.0(4)
	0.06(4)
	11
	−0.40(5)
	−0.03(3)
	-7.8



	SSP α
	0.21(2)
	−0.00(2)
	-1.2
	−0.3(2)
	0.05(2)
	19
	0.19(2)
	−0.01(1)
	-7.6



	SSP α gr.
	0.02(3)
	0.03(4)
	5.4
	0.3(3)
	−0.03(3)
	-6.8
	0.06(4)
	0.01(2)
	4.1





      

      
Notes. The number in parenthesis indicates the uncertainty in the last decimal place of the measured value. The r columns indicate the Pearson correlation coefficient multiplied by one hundred.



    

  
    
      Table C.2. 

      Linear fits of characteristics of the galaxies in the form [parameter] =b + aMlog MJAM + aρlog ρ10 + aKS [image: equation] for our sample in its completeness.

      
        


	
	All



	Parameter
	b
	aM
	aρ
	aKS
	Ndata





	Shells
	−2(1)
	0.3(1)
	0.10(9)
	−0.2(1)
	175



	Streams
	−3(1)
	0.3(1)
	0.11(8)
	−0.1(1)
	175



	Tails
	0(1)
	0.0(1)
	0.11(8)
	−0.2(1)
	175



	Disturbed isophotes
	−3(2)
	0.4(1)
	0.2(1)
	−0.5(2)
	174



	Any TF
	−3(2)
	0.3(1)
	0.2(1)
	−0.2(2)
	175



	Any TF or DI
	−5(2)
	0.6(1)
	0.2(1)
	−0.3(2)
	174



	Shell fr.
	−4(3)
	0.5(3)
	0.2(2)
	−0.5(4)
	175



	Stream fr.
	−3(1)
	0.3(1)
	0.09(8)
	−0.1(1)
	175



	Tail fr.
	−0.0(9)
	0.04(8)
	0.08(6)
	−0.1(1)
	175



	Dust
	1(1)
	−0.1(1)
	−0.01(8)
	0.1(1)
	175



	KDC
	0.2(4)
	−0.00(3)
	−0.01(3)
	−0.18(4)
	175



	CRC
	−0.2(3)
	0.03(3)
	−0.01(2)
	−0.16(4)
	175



	KT
	−0.3(2)
	0.03(2)
	0.02(1)
	−0.02(2)
	175



	2 σ
	1.0(3)
	−0.08(3)
	0.00(2)
	−0.13(4)
	175



	No kin. feature
	1.6(8)
	−0.11(8)
	−0.06(6)
	0.3(1)
	175



	log Re
	−3.3(3)
	0.36(3)
	0.01(2)
	−0.06(3)
	175



	Core γ′
	5.6(9)
	−0.47(8)
	−0.05(6)
	0.08(8)
	79



	SSP age
	−48(7)
	5.4(7)
	0.4(5)
	−0.1(8)
	174



	SSP age gr.
	2.3(5)
	−0.19(4)
	0.04(3)
	−0.01(5)
	175



	SSP Z
	−2.3(3)
	0.18(3)
	0.02(2)
	0.14(3)
	174



	SSP Z gr.
	−1.2(4)
	0.07(4)
	−0.02(3)
	0.11(5)
	175



	SSP α
	−0.3(2)
	0.05(2)
	−0.01(1)
	0.00(2)
	174



	SSP α gr.
	0.3(3)
	−0.02(3)
	0.01(2)
	0.02(4)
	175





      

      
Notes. The number in parenthesis indicates the uncertainty in the last decimal place of the measured value. The column Ndata indicates the number of the available data points.



    

  
    
      Table C.3. 

      Linear fits of characteristics of the galaxies in the form [parameter] =b + aMlog MJAM + aρlog ρ10 + aKS [image: equation] for our sample divided into two mass bins.

      
        





	
	log MJAM < 11
	log MJAM ≥ 11



	Parameter
	b
	aM
	aρ
	aKS
	Ndata
	b
	aM
	aρ
	aKS
	Ndata





	Shells
	−4(2)
	0.4(2)
	0.12(9)
	−0.1(2)
	140
	−1(8)
	0.1(7)
	0.0(3)
	−0.4(3)
	35



	Streams
	−2(2)
	0.2(2)
	0.09(8)
	−0.2(2)
	140
	14(9)
	−1.1(8)
	0.3(3)
	−0.2(4)
	35



	Tails
	−2(2)
	0.2(2)
	0.14(9)
	−0.2(2)
	140
	3(6)
	−0.3(5)
	0.0(2)
	−0.2(2)
	35



	Disturbed isophotes
	−2(2)
	0.3(2)
	0.1(1)
	−0.4(2)
	140
	−7(9)
	0.7(8)
	0.1(3)
	−0.7(4)
	34



	Any TF
	−4(2)
	0.5(2)
	0.2(1)
	−0.2(2)
	140
	0(0)
	−0.1(9)
	0.2(3)
	−0.3(4)
	35



	Any TF or DI
	−4(2)
	0.5(2)
	0.2(1)
	−0.2(2)
	140
	−5(9)
	0.6(8)
	0.2(3)
	−0.4(4)
	34



	Shell fr.
	−6(5)
	0.7(4)
	0.2(2)
	−0.4(4)
	140
	−0(0)
	0(2)
	0.5(6)
	−0.6(7)
	35



	Stream fr.
	−1(1)
	0.1(1)
	0.05(6)
	−0.2(1)
	140
	20(0)
	−1.2(9)
	0.4(3)
	−0.1(4)
	35



	Tail fr.
	−1(1)
	0.2(1)
	0.11(7)
	−0.2(1)
	140
	2(5)
	−0.2(4)
	0.0(2)
	−0.1(2)
	35



	Dust
	2(2)
	−0.2(2)
	−0.03(8)
	0.0(2)
	140
	−1(6)
	0.1(5)
	0.1(2)
	0.3(2)
	35



	KDC
	−0.1(6)
	0.03(5)
	−0.01(3)
	−0.23(5)
	140
	−3(2)
	0.2(2)
	−0.04(6)
	−0.05(7)
	35



	CRC
	−0.5(5)
	0.05(5)
	−0.02(2)
	−0.16(4)
	140
	1(2)
	−0.0(2)
	0.06(8)
	−0.2(1)
	35



	KT
	−0.3(3)
	0.03(2)
	−0.00(1)
	−0.02(2)
	140
	−0(2)
	0.0(1)
	0.14(5)
	−0.01(6)
	35



	2 σ
	1.2(6)
	−0.10(5)
	0.01(3)
	−0.19(5)
	140
	N/A
	N/A
	N/A
	N/A
	35



	No kin. feature
	3(1)
	−0.2(1)
	0.01(6)
	0.5(1)
	140
	5(4)
	−0.4(4)
	−0.5(1)
	−0.1(2)
	35



	log Re
	−2.5(5)
	0.28(4)
	0.01(2)
	−0.05(4)
	140
	−5.0(9)
	0.51(8)
	−0.00(3)
	−0.06(3)
	35



	Core γ′
	5(2)
	−0.4(2)
	−0.03(8)
	0.0(1)
	53
	9(3)
	−0.8(2)
	−0.04(9)
	0.1(1)
	26



	SSP age
	−60(0)
	7(1)
	0.6(6)
	−0(1)
	139
	−50(0)
	6(2)
	−0.6(9)
	−0(1)
	35



	SSP age gr.
	3.2(7)
	−0.29(7)
	0.02(3)
	0.02(6)
	140
	−1(2)
	0.1(2)
	0.07(7)
	−0.03(8)
	35



	SSP Z
	−2.8(4)
	0.23(4)
	0.03(2)
	0.17(4)
	139
	−0.6(9)
	0.03(8)
	−0.01(3)
	0.05(4)
	35



	SSP Z gr.
	−0.3(7)
	−0.02(6)
	−0.03(3)
	0.12(6)
	140
	−1(2)
	0.1(1)
	−0.01(5)
	0.10(6)
	35



	SSP α
	−0.4(3)
	0.06(3)
	−0.02(2)
	0.03(3)
	139
	1.0(6)
	−0.06(6)
	0.01(2)
	−0.06(3)
	35



	SSP α gr.
	0.1(5)
	−0.00(5)
	0.01(3)
	0.05(5)
	140
	0.3(9)
	−0.02(8)
	0.02(3)
	−0.04(4)
	35





      

      
Notes. The number in parenthesis indicates the uncertainty in the last decimal place of the measured value. The Ndata columns indicate the number of the available data points.



    

  
    
      Table C.4. 

      Linear fits of characteristics of the galaxies in the form [parameter] =b + aMlog MJAM + aρlog ρ10 + aKS [image: equation] for our sample divided into two environmental density bins.

      
        





	
	log ρ10 < −2
	log ρ10 ≥ −2



	Parameter
	b
	aM
	aρ
	aKS
	Ndata
	b
	aM
	aρ
	aKS
	Ndata





	Shells
	1(2)
	0.0(2)
	0.8(4)
	0.1(2)
	43
	−3(2)
	0.3(1)
	−0.0(1)
	−0.3(2)
	131



	Streams
	2(3)
	−0.0(2)
	0.5(4)
	0.0(3)
	43
	−3(1)
	0.4(1)
	0.1(1)
	−0.2(2)
	131



	Tails
	1(2)
	−0.1(2)
	0.3(3)
	−0.2(2)
	43
	−0(1)
	0.1(1)
	0.0(1)
	−0.2(2)
	131



	Disturbed isophotes
	4(3)
	−0.0(3)
	1.3(5)
	−0.4(3)
	42
	−5(2)
	0.5(2)
	0.1(1)
	−0.5(2)
	131



	Any TF
	3(3)
	−0.0(3)
	1.0(5)
	−0.0(3)
	43
	−4(2)
	0.4(2)
	0.1(2)
	−0.3(2)
	131



	Any TF or DI
	5(3)
	−0.1(3)
	1.5(6)
	−0.3(4)
	42
	−6(2)
	0.7(2)
	0.1(2)
	−0.3(2)
	131



	Shell fr.
	4(5)
	−0.1(4)
	1.3(8)
	0.3(5)
	43
	−5(4)
	0.6(4)
	−0.1(3)
	−0.7(5)
	131



	Stream fr.
	1(2)
	0.1(2)
	0.6(4)
	−0.1(2)
	43
	−3(1)
	0.3(1)
	0.1(1)
	−0.1(2)
	131



	Tail fr.
	2(2)
	−0.1(1)
	0.3(3)
	−0.2(2)
	43
	−0(1)
	0.1(1)
	0.03(9)
	−0.1(1)
	131



	Dust
	3(2)
	−0.2(2)
	0.3(4)
	0.2(2)
	43
	1(1)
	−0.0(1)
	−0.1(1)
	0.1(2)
	131



	KDC
	0.4(7)
	0.00(6)
	0.2(1)
	−0.12(7)
	43
	0.2(5)
	−0.01(4)
	−0.05(4)
	−0.20(5)
	131



	CRC
	−0.7(9)
	0.09(8)
	0.0(2)
	−0.22(9)
	43
	−0.1(4)
	0.02(3)
	0.01(3)
	−0.14(4)
	131



	KT
	N/A
	N/A
	N/A
	N/A
	43
	−0.4(3)
	0.04(3)
	0.03(2)
	−0.03(3)
	131



	2 σ
	1.5(9)
	−0.15(9)
	−0.1(2)
	−0.1(1)
	43
	0.9(4)
	−0.07(3)
	0.04(3)
	−0.13(4)
	131



	No kin. feature
	0(2)
	0.1(2)
	0.3(3)
	0.5(2)
	43
	2(1)
	−0.17(9)
	−0.12(8)
	0.2(1)
	131



	log Re
	−2.9(6)
	0.33(6)
	0.1(1)
	−0.08(7)
	43
	−3.3(3)
	0.36(3)
	0.03(3)
	−0.05(4)
	131



	Core γ′
	3(2)
	−0.2(1)
	−0.1(2)
	−0.3(1)
	18
	6(1)
	−0.47(9)
	0.01(9)
	0.2(1)
	61



	SSP age
	−60(0)
	7(2)
	0(3)
	−1(2)
	43
	−44(8)
	5.0(8)
	−0.3(7)
	−0(1)
	130



	SSP age gr.
	3.0(9)
	−0.28(9)
	−0.0(2)
	0.0(1)
	43
	2.1(5)
	−0.17(5)
	0.04(4)
	−0.02(6)
	131



	SSP Z
	−4.1(7)
	0.30(6)
	−0.2(1)
	0.18(7)
	43
	−1.9(3)
	0.15(3)
	0.01(2)
	0.12(4)
	130



	SSP Z gr.
	−1(1)
	0.02(9)
	−0.0(2)
	0.3(1)
	43
	−1.3(5)
	0.09(4)
	0.01(4)
	0.05(5)
	131



	SSP α
	0.5(5)
	0.00(5)
	0.12(9)
	−0.06(5)
	43
	−0.6(2)
	0.07(2)
	−0.01(2)
	0.03(3)
	130



	SSP α gr.
	0(1)
	−0.02(9)
	0.1(2)
	−0.1(1)
	43
	0.3(3)
	−0.03(3)
	−0.01(3)
	0.06(4)
	131





      

      
Notes. The number in parenthesis indicates the uncertainty in the last decimal place of the measured value. The Ndata columns indicate the number of the available data points.



    

  OEBPS/aa44749-22-eq8.gif





OEBPS/aa44749-22-eq9.gif





OEBPS/aa44749-22-eq26.gif





OEBPS/aa44749-22-eq29.gif





OEBPS/aa44749-22-eq7.gif





OEBPS/aa44749-22-eq28.gif





OEBPS/aa44749-22-eq23.gif





OEBPS/aa44749-22-eq22.gif





OEBPS/aa44749-22-eq24.gif





OEBPS/aa44749-22-eq21.gif





OEBPS/aa44749-22-eq20.gif
|cleaned parameter|

| parameter| — (b + aps log Myjan + a, 10g p1p).









OEBPS/aa44749-22-fig5_small.jpg





OEBPS/aa44749-22-eq1.gif





OEBPS/aa44749-22-fig2_small.jpg





OEBPS/aa44749-22-eq2.gif





OEBPS/aa44749-22-eq38.gif





OEBPS/aa44749-22-eq37.gif





OEBPS/aa44749-22-eq33.gif





OEBPS/aa44749-22-fig1.jpg
Streams

Disturbed isophotes
0 2.0

2.0 2.0

0.00

-0.2

0.2

oo o8, -0.5 .,
L. ’i:::.._,,. -7 0", ’533:...,. 0.0
SSP age grad. SSP Z grad. SSP a grad.

i .
o .
15
Ly 10
'.n;’s 5 -
L e
” ‘

‘04

logMjam [Mo 1

log Mjam [M o]

logMjam [Mo ]

logMjam [M o]





OEBPS/aa44749-22-fig2.jpg


OEBPS/aa44749-22-fig3.jpg
Spiral FR

M.

l
-
o

S
<

9]

M.~ 10" Mg M.~ 10" M,

GAC /./
z~0 - I
Rejuvenated ETG Quenched spiral Counter-rotating disks
[IStars [@*-1Giant clumps ~ IGM filaments

[ Hot gas —> Outflows





OEBPS/aa44749-22-eq32.gif





OEBPS/aa44749-22-fig6.jpg
Streams

0 Disturbed isophotes

2.0

15F . 0.75
L by 3 .
=2 1.0} /% . 1930
=
05 cTRe 0.25
B BRSO
d .
0.0 _eage  Jooof -
T3 -2 -1 0 -3 -2 -1 0 -3 -2 -1 0 -3 -2 -1 0

log p10 [Mpc—3]

log p10 [Mpc—3]

log p10 [Mpc~3]

log p10 [Mpc~3]





OEBPS/aa44749-22-fig7.jpg
.
2
[0
€
o
©
[}
el
[
C
©
<
o i L L
0.0 05 1.0 1.5 0.0 0.5 1.0 1.5
E) 75k SHeLI frequency 3 [Stream frequency; - OTail frequency|
. . .
aé ° Y R ® o
© 50F ° o . . 1.0 a
© ° e o . o® . ° o,
o 25k o 1F . 05F .0 °
L I S o3 e0o ' .
50 ob” N o 0 8 , 0.0k« ¥
8 0.0 o o 'W.og ' m,p‘ 0.0
o W"I.. Pk -0.5 L L L § Seprp o ©
0.0 05 1.0 15 0.0 05 1.0 15 0.0 05 1.0 1.5
o 1.00
o . KDC ® 2
2orst ° 075 orsf *® ‘
g 0.75
@ 0.50 F 0.50 0.50 |
g 0.50
5 025+ 0.25 025}
3 0.25
2 0.00 [ 0.00 0.00 . o
5] . 0.00 °0 &
| wopaga-c * °| —~0.25
0.0 05 1.0 15 0.0 05 1.0 15 0.0 05 1.0 1.5
3 °  corey]
[ N
3 1.0 . .
o
805
e
2
S 0.0
K
(] 1 L 1
0. 0.0 05 1.0 1.5 0.
g o025f SSPZ grad.
g .o 0.5
& 0.00 0.5 Tea ®
g 0.0 toger % | 00
3 -0.25 0.0 L8 o ° .
s o? -’g ® G0 ° -05
2 -050F —05f . ©°%° o '
o T L 1° T 1 10 1
0.0 0.5 1.0 15 0.0 05 1.0 15 0.0 05 1.0 1.5 0.0 05 1.0 1.5
A A A A





OEBPS/aa44749-22-fig1_small.jpg





OEBPS/aa44749-22-eq41.gif





OEBPS/aa44749-22-eq40.gif





OEBPS/aa44749-22-eq42.gif





OEBPS/aa44749-22-fig7_small.jpg





OEBPS/aa44749-22-eq19.gif





OEBPS/aa44749-22-fig3_small.jpg
3L
RRX






OEBPS/aa44749-22-eq16.gif





OEBPS/aa44749-22-eq15.gif
| parameter] = b + ayy log Myam +aplog po + umli





OEBPS/aa44749-22-eq18.gif





OEBPS/aa44749-22-eq17.gif
| parameter| = b + ayy log My + a, log pyo.





OEBPS/aa44749-22-eq12.gif





OEBPS/aa44749-22-eq14.gif





OEBPS/aa44749-22-eq13.gif





OEBPS/aa44749-22-eq10.gif





OEBPS/aa44749-22-fig6_small.jpg





