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Abstract

:

Driven by the increasingly complete observational knowledge of systems of satellite galaxies, mutual spatial alignments and relations in velocities among satellites belonging to a common host have become a productive field of research. Numerous studies have investigated different types of such phase-space correlations and were met with varying degrees of attention by the community. The Planes of Satellite Galaxies issue is maybe the best-known example, with a rich field of research literature and an ongoing, controversial debate on how much of a challenge it poses to the  Λ CDM model of cosmology. Another type of correlation, the apparent excess of close pairs of dwarf galaxies, has received considerably less attention despite its reported tension with  Λ CDM expectations. With the fast expansion of proper motion measurements in recent years, largely driven by the Gaia mission, other peculiar phase-space correlations have been uncovered among the satellites of the Milky Way. Examples are the apparent tangential velocity excess of satellites compared to cosmological expectations, and the unexpected preference of satellites to be close to their pericenters. At the same time, other kinds of correlations have been found to be more in line with cosmological expectations—specifically, lopsided satellite galaxy systems and the accretion of groups of satellite galaxies. The latter has mostly been studied in cosmological simulations thus far, but it offers the potential to address some of the other issues by providing a way to produce correlations among the orbits of a group’s satellite galaxy members. This review is the first to provide an introduction to the highly active field of phase-space correlations among satellite galaxy systems. The emphasis is on summarizing existing, recent research and highlighting interdependencies between the different, currently almost exclusively individually considered types of correlations. Future prospects in light of upcoming observational facilities and our ever-expanding knowledge of satellite galaxy systems beyond the Local Group are also briefly discussed.
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1. Introduction


Advances in observational facilities and successful observational surveys detecting increasingly fainter dwarf galaxies around the Milky Way (MW) and other nearby galaxies, coupled with improvements in numerical modeling of the cosmic evolution of matter and the formation of galaxies, have opened opportunities to investigate the highly non-linear regime of structure and galaxy formation. The resulting research subject of near-field cosmology involves testing predictions of the cosmological model, the nature of dark matter, and the processes of galaxy formation and evolution on the scale of nearby galaxies and their satellite galaxy systems.



The comparison of expectations derived from cosmological simulations with observed galaxies and their satellites has revealed several ‘small-scale problems’ for the  Λ  Cold Dark Matter ( Λ CDM) model of cosmology. Here, small refers to galaxy stellar masses of    M ⋆  ≤  10 9    M ⊙    and distribution scales below 1 Mpc (see [1] for a review). These include the Missing Satellites Problem [2,3], i.e., that cosmological simulations predict that there are thousands of dark matter sub-halos of mass ≥   10 7    M ⊙    around a galaxy such as the MW, but only 40–50 satellites with stellar masses ≥  300   M ⊙    have been discovered. The Core-Cusp Problem [4,5], i.e., that the density of dark matter halos in dark-matter-only simulations increases towards their center as   ρ ( r ) ∝ 1 / r  , resulting in a central density peak (a cusp), whereas, in contrast, the observed dynamics of some satellite galaxies indicate a shallow profile (a core). Finally, there is the Too Big To Fail Problem (TBTF, [6]), i.e., that the dark matter halo density deduced from the dynamics of the most luminous satellite galaxies is lower than that of the most massive dark matter sub-halos in simulated MW analogs, which should be too large to have failed to form stars.



While they are deemed catastrophic for  Λ CDM by some (e.g., [7]), a less extreme approach has been claimed to be adequate to address some of these problems: they do not necessarily indicate fundamental issues with the underlying cosmological model, but could also be caused by lacking modeling of baryonic effects or by observational shortcomings that were not fully considered. The missing satellites problem is nowadays widely understood to be solved by considering baryonic effects that influence which sub-halos host luminous galaxies and which do not. In particular, galaxy formation in halos with virial velocities below   20  km   s  − 1     is expected to be suppressed because their virial temperatures are below the ∼   10 4    K to which cosmic reionization heats the intergalactic medium. Gas in these halos thus cannot cool and form stars, such that the halos remain dark. Baryonic effects can also account for cores. Simulations show that feedback from supernova explosions can drive the gas in a dark matter halo to larger distances. The resulting change in the overall potential can also drive out dark matter from the center, transforming a cusp into a core (see, e.g., [1] and references therein). However, both the observational and the theoretical situation is somewhat unclear: some studies argue that cores in dwarf galaxies might just be an observational artifact since the inferred central density slope varies with the viewing direction for mock-observed simulated dwarf galaxies [8]. Additionally, some simulations disagree with the more common finding that cores only form in galaxies of    M ⋆  >  10 6    M ⊙   : they either find no core formation even at those masses [9] or core formation in dwarf galaxies of all masses [10]. The TBTF problem has similarly been claimed to be solved by baryonic processes [9], but the situation is again complex and unclear. While interactions with a host galaxy (tidal stripping, disk or tidal shocking, and ram pressure stripping) can reduce the central masses of satellites [11], the TBTF problem also seems to be present in field galaxies that do no experience these effects [12], yet observational evidence for the TBTF problem for field galaxies has also been questioned [13,14].



Others advocate for alternatives to the  Λ CDM model rather than only baryonic physics to solve the small-scale problems. These alternatives aim to preserve the successes of  Λ CDM on large scales. Examples are Warm Dark Matter (WDM) and Self-Interacting Dark Matter (SIDM). WDM particles have higher velocities in the early Universe, giving them a larger free streaming length than CDM. This washes out smaller-scale density fluctuations, which results in fewer small-scale dark matter halos, alleviating the missing satellites problem. The TBTF problem is addressed because WDM halos form later than their CDM counterparts, resulting in lower central densities [15,16]. SIDM postulates that dark matter particles have strong self-interactions [17]. SIDM preserves the large-scale structure and the distribution of sub-halos, but the self-interaction affects the internal structure of dark matter halos, forming isothermal cores which alleviate the core-cusp and TBTF problems.



In summary, the investigation of smaller-scale structures can provide constraints on our cosmological model, the fundamental nature of the Universe, and the processes and feedback effects governing galaxy formation and evolution. However, the small-scale problems are currently subject to considerable uncertainties in interpretation. Many proposed solutions either rely on modeling baryonic effects and feedback processes, or on alternatives to the CDM particle. At the same time, the observational evidence for the problems has in part been questioned. It is therefore difficult to judge how serious the problems really are, which possible solution (or combination thereof) is correct, and thus what specific constraints the problems provide for our understanding of cosmology and galaxy formation. It would therefore be favorable to have tests of the  Λ CDM model, its alternatives, and the overall galaxy formation paradigm on the scale of galaxies and their satellites that are more robust against these effects. Such tests must be independent of the internal structure of the involved galaxies in order to avoid being dominated by choices in modeling sub-grid physics.



The phase-space distribution of satellite galaxies around their hosts fulfils these requirements. The positions and motions of satellite galaxies within their host galaxy’s halo, on scales of 100s of kpc, are largely independent of the detailed physics internal to them, be it sub-grid modeling of baryonic physics, or the detailed nature of dark matter that can affect the dark matter density distribution in the centers of halos. As our knowledge of systems of satellite galaxies around hosts has grown over the recent decade—starting with the Milky Way, but expanding to M31 and more distant hosts—considerable research has already been performed on these topics. Numerous different types of phase-space correlations have been investigated (see Figure 1). The most popular aspect in this regard is perhaps the Planes of Satellite Galaxies issue, but other approaches and questions, such as lopsided satellite galaxy systems, or the influence of satellite accretion in groups, have also lead to interesting results and both controversial challenges as well as reassuring confirmations of the  Λ CDM paradigm. However, a systematic overview of different approaches to study phase-space correlations among satellite galaxy systems, and, in particular, the potential interplay between different such features, has thus far been lacking. This review provides such an overview and introduction, and an assessment of the current state of research. Future observational facilities and upcoming research projects promise to continue to develop, implement, and apply tests of satellite phase-space correlations to ever-expanding datasets.



This review focusses on the large-scale phase-space distribution of dwarf galaxies. Multiple additional dimensions of properties for dwarf galaxies are the subject of extensive research and hold a plethora of additional information. These include many, largely spectroscopically determined, internal properties, such as the ages, star formation histories, metallicities, and internal dynamics of dwarf galaxies, but also aspects such as total stellar and dynamical mass, spatial extent, or shape and orientation. These should be considered for a fully comprehensive picture of the origin and evolution of individual dwarf galaxies and the structures that they are part of [18]. However, to keep this review sufficiently brief and accessible, these aspects will not be covered in detail in the following.




2. Phase-Space Correlations


The distribution and motion of satellite galaxies within the halo of their host galaxy on scales of ∼100 kpc is expected to be largely unaffected by the internal dynamics of the involved galaxies (with sizes ≤   10   kpc). The dynamics on these scales is to first order also independent of the exact type of dark matter (CDM, WDM, or SIDM; see, e.g., Figure 15 in Bullock and Boylan-Kolchin [1]). Thus, the phase-space distribution of satellite galaxies provides a unique opportunity to test galaxy formation simulations independent of the exact details of baryonic and dark matter modeling. Consequently, it identifies issues that need to be addressed to fully understand galaxy formation and evolution in any model.



2.1. An Impending Observational Revolution: Satellite Galaxy Systems and Their Phase-Space Distribution


Observational access to satellite galaxy systems was severely limited for a long time. Satellites are very faint compared to their hosts. Typical   L ⋆   galaxies such as the MW and M31 have    M V  ≈ − 21  , whereas the twelfth brightest MW satellite, Canes Venatici, has    M V  = − 8.6  , and the ultra-faint dSph satellites of the MW reach down to    M V  > − 4  . Similarly, the surface brightness of satellites can be as faint as    μ V  ≥ 26      mag  arcse  c  − 2    , orders of magnitude fainter than their host. However, in the past ∼20 years, our knowledge of the faintest dwarf galaxies has grown. A major driver was the Sloan Digital Sky Survey (SDSS, [19]), which observed 35% of the sky in five filters. It more than doubled the number of known MW satellite galaxies (from 11 to 27, listed in [20]). SDSS has also provided a large sample of more distant hosts with 1–3 bright satellites. More MW satellites have been discovered by the Dark Energy Survey (DES, e.g., [21]) and other programs (compiled in, e.g., [22,23]). For M31, the PAndAS survey had a transformational effect by providing homogeneous coverage of a large volume around that galaxy. It discovered at least 15 previously unknown satellites [24].



Progress on satellite systems beyond the Local Group was initially slower but is picking up speed, especially in the Local Volume (within ≈10 Mpc). Satellite galaxies were discovered and studied in the inner regions of Centaurus A at ∼4 Mpc distance by the PISCeS survey [25], but also in the wider field of the Centaurus group [26], in the M81 group at ∼4 Mpc distance [27], and the M101 group at ∼7 Mpc distance [28,29]. The Exploration of Local VolumE Satellites (ELVES) Survey [30] has recently compiled a sample of 223 satellite galaxies around 80% of host galaxies within 12 Mpc. An example of an ongoing, ambitious project targeting hosts at distances between 20 and 40 Mpc is the SAGA survey [31]. SAGA aims to spectroscopically confirm satellites in the halos (≤300 kpc) of 100 MW analogs down to the brightness of Leo I (   M r  < − 12.3  ). Thus far, 36 hosts have been covered, resulting in the confirmation of 69 additional satellite galaxies for a complete sample of 126 satellites [32]. In contrast, the MATLAS survey [33] has targeted the surroundings of isolated early-type galaxies and has identified 2210 dwarf galaxy candidates, though currently spectroscopic velocities are available for only a small fraction of those. The Dwarf Galaxy Survey with Amateur Telescopes (DGSAT) follows a less traditional approach by using small telescopes to identify satellite galaxies in the Local Volume as extended low-surface-brightness structures. Thus far, DGSAT has discovered 13 satellite candidates [34,35].



These ongoing efforts will revolutionize our understanding of satellite galaxies by building a larger sample of known systems of satellite galaxies around a common host (in contrast to studies of individual satellite galaxies). Future telescopes and surveys will further advance our knowledge in this domain. The Vera C. Rubin Observatory (previously known as the Large Synoptic Survey Telescope) plans to start its 10-year Legacy Survey of Space and Time (LSST) in 2022. It will provide a much more complete picture of the nearby satellite systems by discovering faint dwarf galaxies all over the Local Group [23]. This will soon be followed by the next revolution in optical astronomy: the commissioning of extremely large telescopes with ∼30 m diameters. Their unique capabilities enable deep photometric observations of the halos of distant galaxies, and with their excellent light-collecting ability, they can measure spectroscopic velocities of fainter satellites around more distant hosts than currently feasible. Such velocities are necessary for significant tests of a satellite galaxy system’s phase-space structures, because spatial alignments alone are not nearly as constraining [36]. This especially applies for distant satellite galaxy systems where only projected positions can be reliably determined but distance measurement uncertainties exceed the physical extent of the systems: Assuming a distance uncertainty of 5% for tip-of-the-red-giant-branch (TRGB) distances, the distribution of satellites around an MW-like host with a virial radius of 250 kpc cannot be resolved beyond ∼5 Mpc.



In the Local Group, especially around the MW, full 3D velocity information can be obtained by measuring the proper motions of satellite galaxies. After being dominated by ground- and Hubble Space Telescope (HST)-based measurements for a long time [37,38,39,40,41], recently, the Gaia mission revolutionized the field [42]. Using data release 2 (DR2), the proper motions for 39 MW satellites were measured, many of them for the first time [43,44]. Additional satellite proper motions have been obtained since [45,46,47,48] and the recent Gaia EDR3 has allowed the previous measurements to be updated, resulting in a typical improvement in accuracy by a factor of 2.5 [49,50,51]. The future end-of-mission data release 4 is expected to further improve this accuracy.



We are thus in the midst of an observational revolution in the study of not only satellite galaxies but whole systems of satellite galaxies, both nearby and afar. We can thus now use the already increased observational information (while simultaneously preparing for the coming influx of data) to test our cosmological model expectations regarding the distribution and dynamics of satellite systems. This approach is made even more pressing by current analyses of well-studied satellite systems that reveal a serious small-scale problem of cosmology: The Planes of Satellite Galaxies Problem.




2.2. Planes of Satellite Galaxies


2.2.1. The Satellite Planes around the MW and M31


It was already noticed 45 years ago [52,53] that the then-known MW satellites, some distant globular clusters, and the Magellanic Stream lie along a common great-circle. Over the last few years, supported by the discovery of additional satellite galaxies, this suspicion was corroborated (see Figure 2). It was shown that the Milky Way is surrounded by a Vast Polar Structure (VPOS), a rotating plane of satellite galaxies, which also contains several globular clusters and stellar and gaseous streams [54], though the preferential alignment of streams has been questioned with an expanded sample [55]. The VPOS has a root-mean-square (rms) height of only 20–30 kpc, but a radius of 250 kpc. As fainter satellite galaxies around the MW were discovered, they were also found to align with the VPOS [22,56]. A major concern was that since many discoveries were made by SDSS, the survey’s footprint might cause the alignment with the VPOS. However, a statistical analysis that carefully reproduced the survey’s sky coverage showed this worry to be unsubstantiated: the SDSS satellites do add significance to the structure (raising it from   4 σ   to   5 σ  ) [20].



The VPOS is not only a spatial alignment but also displays substantial kinematic correlation. The orbital poles (directions of angular momentum vectors) of 8 of the 11 classical MW satellites with measured proper motions are aligned with the satellite plane normal vector. This indicates that they are orbiting within the VPOS [57]. Gaia DR2 proper motions confirmed these findings for the 11 classical satellite galaxies [58] but were initially less clear for the fainter systems due to the, in part, very large proper motion uncertainties (see Figure 3 in [44]). With the recent updated proper motions based on Gaia EDR3 [49], it became apparent that   1 / 2   to   3 / 4   of those MW satellite galaxies whose spatial positions place them within the VPOS are indeed orbiting along this structure, with the vast majority co-orbiting in the same sense (Figure 3). Future Gaia data releases and ongoing HST projects will help to clarify the situation further, as many orbital poles of fainter and more distant satellite galaxies are still only weakly constrained, indicating the need for better proper motions to more reliably measure the degree of orbital coherence among the full set of known MW satellites.



A similar satellite plane, the Great Plane of Andromeda (GPoA), was then discovered around M31 (see Figure 4). It consists of 15 out of 27 satellites within the PAndAS footprint, with an rms height of 12.6 kpc, and is seen edge-on from the MW [60,61]. The line-of-sight velocities of 13 of the satellites indicate that they have the same orbital sense around M31, such that the GPoA appears to be co-rotating, too. However, structures with correlated line-of-sight velocities in simulated satellite systems are not necessarily kinematically coherent structures, but they can also be transitory features, as often found in cosmological simulations [62,63]. In this regard, it is intriguing that the first HST proper motion measurements for the two M31 satellites, NGC 147 and NGC 185, which are part of the GPoA, demonstrate that these two objects are indeed likely orbiting along the satellite plane [64]. This finding strongly supports the possibility that the GPoA is a coherent structure akin to the VPOS, but it will need additional proper motion measurements to fully assess the orbital alignment of the on-plane satellites. The dynamical stability of satellite planes similar to the GPoA was tested by Fernando et al. [65,66], who found a strong dependency on the orientation and shape of the underlying potential (e.g., more spherical halo shapes are beneficial for long-term survival).




2.2.2. Satellite Planes outside of the Local Group


The satellite galaxy planes in the Local Group have helped to motivate searches for satellite structures around more distant hosts (see Table 1). Examples are a flattened distribution of the dSph satellites of M81 [27], a flattened satellite distribution around M101 that is potentially connected to a surrounding filamentary structure on 3 Mpc scales [29], and a flattened distribution of dwarf galaxies on 300 to 600 kpc scales around NGC 253, which additionally shows a potential kinematic correlation in line-of-sight velocities and could be an extended satellite plane or again be related to a cosmic filament with embedded dwarf galaxies [67]. Motivated by the subsequent discovery of two additional dwarf satellite galaxies around NGC 253, it was concluded that this spatial alignment indeed appears to extend to the inner satellite galaxies of the system [68]. In addition, six of the seven satellite galaxies projected within 150 kpc around NGC 2750 show a pronounced kinematic correlation reminiscent of a rotating satellite plane, a feature that has been argued to make this an analog of the Centaurus A satellite system around a lower-mass host [69].



To date, the best-studied case of a satellite galaxy system external to the Local Group, however, is that surrounding the nearby giant elliptical galaxy Centaurus A (see Figure 5). Originally, two parallel planes of satellite galaxies were identified around Centaurus A [70]. Using new dwarf galaxy candidates around Centaurus A, it was later found that the additional objects reduce the significance of this particular double-planar feature, but the additional data support the notion of a single satellite plane [71]. Since the Centaurus A Satellite Plane (CASP) is again seen close to edge-on, line-of-sight velocities allowed testing for potential rotation, similar to what was done for M31. Using archival data, it was shown that 14 out of 16 Cen A satellite galaxies exhibit a clear signal of co-rotation in their line-of-sight velocities, and that this signal is aligned along the major axis direction of the Centaurus A satellite plane as expected for a rotating structure [72]. Additional velocity measurements have since been obtained for another 12 satellites with VLT MUSE [73]. These confirm a strong kinematic coherence, with a total of 21 out of 28 satellites following a coherent velocity trend [74]. A recent major merger was proposed to explain numerous features of Centaurus A and its stellar halo [75]. Intriguingly, the preferred orbital orientation of this major merger also matches the orientation of the observed, flattened distribution of dwarf satellite galaxies.



Beyond in-depth studies of individual satellite systems, some early statistical approaches have been carried out. These generally suffer from very small numbers of satellite galaxies per host. Since the aim is to study mutual correlation between satellites, a simple stacking of systems is not possible. Instead, at least two satellites need to be known per host. Under the assumptions that the majority of satellite galaxies are embedded in co-rotating satellite planes, it would then be expected that they show opposing velocity vectors on opposite sides of their host. By selecting satellites that are observed to be on diametrically opposed sides of the host, the chance to observe their common satellite plane in an edge-on orientation is increased. If the satellites indeed co-orbit in a common direction and are observed along their common orbital plane, then one should approach and one should recede from the observer in the host’s velocity rest frame if they are on opposite sides, i.e., one expects an anti-correlation in the line-of-sight velocities for diametrically opposed satellites.



This hypothesis has been tested with SDSS data by analyzing systems containing at least two known satellites within a projected radius of 150 kpc that have measured line-of-sight velocities [78]. It was found that there is indeed a strong anti-correlation of line-of-sight velocity directions for satellites with a positional offset of ≈  180 ±  8 ∘    around their host. This is consistent with 60 per cent of all satellites living in co-rotating planes. A similar approach was applied to the preliminary satellite sample of the SAGA survey but did not reveal significant evidence for the presence of co-orbiting planes of satellites [32]. The small sample size of only 20 suitable satellite systems, the limit to within 150 kpc of the host, and the focus on diametrically opposed satellites in the original study have since been criticized [79,80]. However, it was later shown that there is indeed a significant overabundance of satellites on the opposite side of spectroscopically confirmed satellites around giant hosts in SDSS, further supporting the notion that some causal link gives rise to a correlation in the spatial and kinematic distribution of satellite galaxies observed in the Universe, yet this is absent in mock-observed cosmological simulations [81].



Most recently, a systematic search for flattened arrangements of dwarf galaxies was carried out using the more than 2000 dwarf candidates identified by the MATLAS survey [82]. The study reports the discovery of 31 significant flattened dwarf galaxy arrangements, out of 119 investigated systems. The identified structures have striking similarities in their extent and relative flattening with the known satellite planes in the Local Group and around Centaurus A. If these were indeed edge-on satellite planes, the total incidence of such structures would be even larger because face-on arrangements cannot be identified by the adopted analysis. The reason is that, for most dwarf candidates, only their two-dimensional spatial positions projected onto the sky are currently available. It will thus be of interest to investigate the kinematics of the identified candidate satellite planes, once spectroscopy observations confirm the association of their dwarf candidates as satellites of the proposed hosts, and to measure their relative systemic velocities.




2.2.3. Comparison to Cosmological Expectations: The Planes of Satellite Galaxies Problem


The planes of satellites have been intensively discussed in the context of  Λ CDM, which predicts typical satellite sub-halo systems to be substantially more isotropic and uncorrelated. Kroupa et al. [83] first pointed out that a flattened structure as narrow as the 11 then-known, brightest (classical) satellite galaxies of the MW is extremely unlikely to occur by chance, and therefore constitutes a problem for  Λ CDM. However, it has since been suggested that the null hypothesis of an isotropic distribution of sub-halos in  Λ CDM is incorrect [84,85,86]: sub-halos are preferentially accreted along filaments, which causes some anisotropy. However, while this anisotropy is significant, it is not necessarily strong enough to explain the observed satellite planes [87].



Figure 6 provides comparisons to the three best-studied planes of satellite galaxies with one common, current state-of-the art hydrodynamical cosmological simulation, Illustris TNG-100 [88]. Hosts were selected to reproduce the mass, isolation, and absence of an ongoing major merger in the three hosts, and satellites were selected to mimic observational constraints—see the respective publications that these data are based on for details [58,74,89]. The figures illustrate that there is strong tension between cosmological expectations for typical satellite galaxy systems and the observed flattening and kinematic coherence of the planes of satellites. Only of order 1 in 1000 simulated systems can simultaneously reproduce or exceed the respective observational flattening and kinematic coherence measures. Similarly small frequencies of as extreme analogs were reported for other cosmological simulations [36,90,91,92,93,94].



Claims of both tension and consistency of the observed satellite planes (around the MW, and later M31 and Centaurus A) with  Λ CDM simulations have resulted in an active dialogue within the community (e.g., [9,57,76,87,90,95,96,97,98]). This has resulted in an extensive body of literature on this topic. Consequently, a full discussion of the different arguments, claims, and contributions would vastly exceed the scope of this review, which aims to not only focus on the Planes of Satellite Galaxies issue. Therefore, the reader is referred to the more in-depth review focused solely on the Planes of Satellite Galaxies problem by Pawlowski [99], as well as the review on small-scale challenges of  Λ CDM by Bullock and Boylan-Kolchin [1].



This ongoing debate is highly productive for the community and has advanced the level of analyses substantially. It has constrained important properties of the observed satellite planes further, especially in light of what to consider when searching for simulated analogs. The debate has also identified biases that need to be avoided when measuring the frequency of satellite planes in simulations. Examples are inaccurately modeled survey shapes or galactic obscuration, or the effect that a more radially concentrated satellite distribution biases towards more narrow satellite planes in absolute height, independent of relative flattening. Another important aspect that was highlighted is the influence of low-number statistics on measures of satellite plane flattening and correlation. This prohibits the direct comparison of systems of different numbers of satellite galaxies, because the less numerous ones are strongly biased toward more extreme flattening measures. Comparisons to purely isotropic systems are necessary to help identify and account for such intrinsic effects.



Another important aspect to consider is the look-elsewhere effect, which applies particularly to the M31 plane: the choice to assign 15 out of 27 satellites to one planar structure appears arbitrary. For example, a cosmological simulation might not contain such a narrow plane of 15 satellites, but an only marginally wider plane of 17 satellites that is in fact more significant. However, considering all such exceptional satellite alignments, still only 5% and 9% of systems in the Millennium II simulation contain a structure at least as prominent as the VPOS and GPoA, respectively [100]. The Local Group is thus a 0.45% exception if the two systems can be considered independent. Note, however, that this must be treated as an upper limit, since no observational uncertainties were considered in the analysis, but uncertainties in position would result in wider, less significant satellite planes, while uncertainties in velocity would result in a lower degree of inferred kinematic correlation, especially for intrinsically highly correlated structures [101].




2.2.4. Proposed Origins of Planes of Satellite Galaxies


Three major scenarios to explain the origin of satellite planes have been suggested, but none of these currently offer a satisfactory solution [99]. The first two are based on features identified in large-scale simulations of cosmological structure formation. One is the preference of matter to be accreted onto host galaxies along cosmic filaments, thereby showing a preference in the accretion direction of satellite galaxies [85,102]. However, the effect of satellite accretion along filaments is already self-consistently included in cosmological simulations. Since these simulations are in tension with the observed structures, filaments appear to be insufficient to explain the strong correlation in satellite galaxy planes [87,103]. The other proposed mechanism at play in cosmological simulations is the accretion of satellite galaxies in small groups, the members of which thus share similar orbits. Such group infall will be discussed in more detail in the following section. Here, it should only be pointed out that this effect is already present in cosmological simulations, too. It is thus also self-consistently considered in the previously discussed determinations of the very low frequencies of analogs to the observed satellite planes in cosmological simulations—unless one wishes to pre-select only those systems from the simulations that show very pronounced, recent group infall events, possibly to mimic the presence of the LMC around the MW [93].



The third proposed scenario for the formation of planes of satellite galaxies is based on tidal dwarf galaxies (TDGs). These are second-generation galaxies formed in the debris of interacting galaxies. Such debris populates a phase-space distribution similar to co-rotating satellite planes [104]. However, TDGs are not embedded in dark matter halos and should thus have low mass-to-light ratios of   M / L ≈ 3  , which is inconsistent with the observed MW and M31 satellites, which have   M / L   of up to 1000. This discrepancy can, however, be avoided if one is willing to adopt other far-reaching changes. One is abandoning the popular dark-matter-based cosmology in favor of a modified gravity approach such as Modified Newtonian Dynamics (MOND, [105]). In this case, the timing argument mandates a past encounter between the MW and M31 due to their known baryonic masses, separation, and mutual velocity and driven by the enhanced gravitational acceleration in MOND [106]. This encounter in turn could produce tidal debris with distributions and motions broadly consistent with the observed planes of satellites around the MW and M31 [107,108]. Alternatively, one could abandon the notion that the majority of observed satellite galaxies in the Local Group are in dynamical equilibrium. This could easily be the case if they are TDGs, because their lack of a stabilizing potential sourced by a massive dark matter halo would make them much more susceptible to tidal disruption and tidal shocks close to the pericenter. This disruption would inflate their velocity dispersions relative to their decreased surface brightness, thereby resulting in overestimated inferred dynamical   M / L   ratios [109,110]. Since newly formed TDGs are gas-rich, their potential is dominated by the gas component. Consequently, ram-pressure stripping of the gas could also result in inferring inflated dynamical   M / L   ratios [111,112,113]. Intriguingly, predictions of this latter hypothesis [112] are now within reach of being tested by measuring the internal, tangential velocity dispersions of MW satellites, or also radial expansion motion of their stars. This will be feasible via accurate proper motion studies, once current pioneering approaches based on combining HST first epochs with Gaia second epochs [114,115] have been supplanted by more accurate HST proper motion measurements that will boost the accessible number of stars from the current 15–45 per galaxy to several thousand.



In summary, there is compelling evidence for the existence of satellite planes around the MW, M31, and Cen A and promising indications for the presence of similar structures around a wider number of hosts. Despite ongoing research, we currently do not know what causes planes of satellite galaxies. This indicates that we need a more systematic approach to studying correlations in the phase-space distributions of satellite galaxies, which moves beyond focusing on individual structures and addresses this need by comprehensively investigating and interpreting satellite planes in combination with other phase-space correlations both observationally and in numerical simulations.





2.3. Group Infall


An important question to address when investigating the phase-space correlations of satellite galaxies is whether there is evidence that they are accreted onto a host galaxy in groups. Group infall is one suggested origin of satellite planes [116,117] and could explain the high incidence of satellite galaxy pairs in the Local Group (see Section 3.1). It could also provide constraints on the environmental influences on dwarf galaxy formation and evolution if some dwarfs are conclusively identified to have been accreted together. The best system to search for such evidence is the MW, since we can obtain full 6D phase-space information: positions, distances, and line-of-sight velocities are easily measured, and proper motions can be obtained with reasonable temporal baselines.



Recent research, largely driven by Gaia proper motions, has shown that the LMC has brought in a significant number of satellites of their own (e.g., [45,59,118,119]). However, this is a highly hierarchical system and an exceptional event unable to explain the existence of the VPOS in its entirety with the LMC on first infall [120]. In a study covering a wide range of MW and LMC masses and even accounting for the influence of the SMC, none of the other classical MW satellites were found to be dynamically associated with the Magellanic Clouds [59]. Notably, this includes Carina and Fornax, for which such an association had previously been suggested. In the absence of a dynamical association, group infall does not seem to be a suitable explanation for their similarities in orbital planes. Note, however, that other recent works—while also concluding that an association with the LMC of these two dwarf galaxies, particularly of Fornax, is unlikely—cannot firmly rule out such an association using current data [51,121].



The effect of the infall of cosmologically more common groups has received surprisingly little attention.  Λ CDM simulations predict that some satellites are accreted in groups, although there is a lack of evidence supporting the notion that it can cause sufficiently strongly correlated satellite planes. This is in part because only a fraction of 30% of all satellites were part of groups, and the typical number of 2–5 satellites per group is much smaller than the number of ≥  10   satellites making up the satellite planes [96,116,122]. The infall of satellites in groups thus appears to be self-consistently included in cosmological simulations but insufficient to explain the extreme observed structures. However, a potential solution would be to find evidence for a strong environmental dependence of dwarf galaxy luminosity, the number of dwarf galaxies belonging to one group, and the group’s compactness. If the groups with the largest number of members also form the brightest dwarf galaxies, their infall into the Milky Way could dominate the observed satellite population. The effect of group infall thus must be studied in more detail in cosmological simulations, particularly in hydrodynamic simulations including the effects of star formation and inhomogeneous reionization.



Satellites that are accreted as a common group are expected to share similar total energy and specific angular momentum [123], providing a path to identification. The dwarf galaxies Leo II, IV, and V, Crater II, and the star cluster Crater 1 are a good candidate case of group infall (see Figure 7). They align along one great circle on the sky, follow a common distance gradient (from the more nearby Crater II at 110 kpc distance, to the most distant Leo II at 210 kpc), and have similar galactocentric velocities [124]. Gaia DR3 proper motions (arrows with arcs indicating   1 − 3 σ   intervals on direction of motion in Figure 7) are unfortunately still inconclusive due to the large distance of the putative group. However, HST observations are a promising route to measure proper motions of the distant Crater–Leo objects, which not only promise to conclusively confirm or refute whether these objects share a common origin but also offer a possibility to constrain the MW potential out to >100 kpc.



For M31, it had been suggested that the dwarf elliptical galaxy NGC 205 might have been the most massive member of an infalling group and that this could potentially explain the observed, apparently co-orbiting GPoA [125]. However, the highest probability of reproducing the observed thinness of the GPoA in this scenario was 1%, and additionally requiring a match of the line-of-sight kinematics reduced this to around 0.01%. The reason reported by the authors was that the detailed satellite phase-space distribution made it difficult to find a convincing match. Excluding a number of particularly problematic satellites from the observed sample can increase the probability of a match to around 0.1%, but this remains comparable to the frequency of GPoA analogs around hosts drawn from cosmological simulations, and thus does not appear to offer strong additional explanatory power regarding the observed phase-space arrangement. It would, however, be worthwhile to revisit this scenario once a more complete understanding of the full 3D velocities of M31’s satellite system via proper motion measurements has been established.




2.4. Lopsidedness


Another observed phase-space correlation is the lopsidedness of satellite galaxy systems. The most nearby example is M31, for which it was found most likely that 20 out of 27 of its satellites in the PAndAS survey lie on the side towards the MW [61]. A highly asymmetric distribution of satellite galaxy candidates was also reported around M101, with seven low-surface-brightness satellite candidates all residing on one side of the host [28].



Figure 8 shows the cumulative angular distribution of the MW and M31 satellite galaxies, relative to the line connecting the MW and M31. The observed satellite distributions differ from that expected for isotropy. While the lopsidedness around M31 can be considered to be well established, for the Milky Way, the situation is more difficult to reliably evaluate. This is due to the substantial obscuration by the MW disk and the uneven coverage of the sky by surveys searching for satellite galaxies. A further complication is the LMC, which brings along an entourage of its own satellites that likely result in an overdensity of faint dwarf galaxies in that direction. Of the presently known ∼  50   satellite galaxies, 75% are found within the hemisphere away from M31 (seven of the 11 classical satellites). Globally, for the Local Group, both the MW and M31 thus appear to have a lopsidedness towards the same direction, defined as the direction from M31 towards the MW.



Motivated by the M31 satellite system, Libeskind et al. [126] made a first attempt to statistically study lopsidedness in external satellite systems. They identified pairs of host galaxies in the SDSS and stacked their surrounding satellite candidates by measuring their position angle relative to the line connecting the two galaxies. This revealed a similar feature as seen for M31: A significant excess of 8% of satellites in the direction towards a partner host compared to a random distribution.



Such lopsidedness was not a priori predicted by cosmological simulations, thus offering another test and potential challenge for  Λ CDM. An exploration of the lopsidedness of satellite systems using the Millennium I & II, Illustris, and ELVIS cosmological simulations, following the selections made in the observational study [126], has demonstrated that a lopsided signal very similar to the observed one is present and highly significant for the two Millennium simulations (5.9 and 4.4 σ , respectively) [127]. There are also some indications that lopsidedness is stronger among more massive satellites, but a theoretical understanding of the origin of the signal, as well as its possible connection to the filamentary structure of the cosmic web, was still missing.



This was rectified in a follow-up study using the Extremely Small Multidark simulation [128]. By tracing back the accretion history of satellite galaxies of paired hosts, which show a lopsided satellite distribution at   z = 0  , it became clear that the lopsidedness of   z = 0   satellites was stronger in the past. The signal was also driven mainly by recently accreted objects that had not yet completed a full orbit around their hosts. Taken together, this appears to indicate that recent accretion events are a major driver in producing lopsided satellite distributions. In contrast to other phase-space correlations, the observed degree of lopsidedness of distant satellite galaxy systems thus appears not to be problematic for the  Λ CDM model of cosmology and current galaxy formation models.



While the previous studies have focused on pairs of host galaxies, motivated by the Local Group, lopsided satellite distributions have now also been reported around isolated host galaxies [129], with pairs of satellites having a strong tendency to be located on the same side of a host. The signal appears to be stronger for blue than for red host galaxies, and for satellites at the outskirts compared to the inner regions of a host. Similar trends have since been identified in the hydrodynamical cosmological simulation Illustris TNG-300 [130].





3. Other Studies of Satellite Galaxy Phase-Space Distributions


Due to a lack of sufficiently deep observations and spectroscopic follow-ups, the typical number of satellites (e.g., in the SDSS) known around a distant host is ∼1–2. Satellite alignments are therefore often studied by stacking many systems and comparing them to the properties of the host galaxy, e.g., its major axis [131,132]. These studies are therefore not directly applicable for the current context: they do not consider mutual alignments and correlations between satellites. However, a number of other phase-space peculiarities have been studied in the Local Group, and even though these have received less attention than the previously discussed correlations, they deserve to be included for completeness and as encouragement to further pursue these avenues of research as better data become available.



3.1. Pairs of Satellite Galaxies


Among the Milky Way satellites, the Large and Small Magellanic Clouds are certainly the best-known pair of galaxies. They are the brightest nearby satellites, visible to the naked eye and thus known to humanity since ancient times. With an angular separation of only   20 ∘  , they are sufficiently close on the sky to suggest an association, and this intuition was since confirmed by their similar distance, velocity, and proper motions, indicating that they share an (inter)active recent history [38,133].



A number of other dwarf galaxies in the Local Group have also been suggested to constitute pairs, or binary satellite galaxies, due to their spatial proximity and similarities in line-of-sight velocities (see Table 2). These are the M31 satellites NGC 147 and NGC 185 [134,135], and the MW satellites Leo IV and Leo V [136], which were suggested to be a possibly bound pair of satellite galaxies [137,138]. In addition, another two potential pairs, the Milky Way satellites Draco and Ursa Minor and the M31 satellites Andromeda I and Andromeda III, were subsequently identified in a systematic analysis of known satellite galaxies [139]. Looking at the spatial and velocity distributions of dwarf galaxies in the Local Group, the study uncovered a high frequency of pairs of satellite galaxies of comparable magnitude. Approximately 30% of all observed satellites brighter than    M V  = − 8   are found in likely pairs, whereas a frequency of only 4% is expected from cosmological simulations. However, for NGC 147 and NGC 185, more recent distance measurements place them at a 3D separation of ∼  90   kpc [140], which is more in line with a chance alignment in projection than spatially compact binary satellites.



No clear explanation is available yet for this apparent overabundance of pairs compared to simulations. The situation is further complicated by the finding that, with the possible exception of Leo IV and Leo V, none of the four identified paired satellites appear to currently be gravitationally bound [141]. This is because, even if they had sufficient mass to have negative total energy, the pairs’ estimated tidal radii are still smaller than their separations.



Proper motion measurements have the potential to clarify the situation. Specifically, if the members of proposed pairs have very different motions on the sky, any associations would have to be considered chance alignments. Unfortunately, nature is not so forthcoming, and proper motion measurements have complicated rather than resolved the situation. While their likely large separation in 3D makes an association unlikely, the proposed pair NGC 147 and NGC 185 do constitute the first two M31 satellites for which proper motions have been measured with the HST [64]. The puzzling finding of this study is that the two objects are in fact consistent with moving in a similar direction around M31, but their typical orbits are too distinct to be in line with a bound satellite pair. However, within the substantial uncertainties in distance and proper motions, it cannot yet be firmly ruled out that they used to be a bound pair at some point in the past.



For Leo IV and Leo V, their large distances result in rather uncertain Gaia proper motions. Even with EDR3, all that can be concluded is that they are consistent in sharing a similar orbit [49]. It will probably require accurate HST proper motions to develop a better understanding of their possible phase-space association.



Draco and Ursa Minor, in contrast, share almost exactly the same orbital properties in pericenter, apocenter, and eccentricity based on recent Gaia EDR3 proper motions [49]. They also orbit in the same direction in a common orbital plane, which furthermore aligns well with the VPOS. This makes these two objects the currently most promising candidate for a longer-term pair of satellites in the Local Group. The striking similarity of their orbits is highlighted in Figure 9. While available proper motions are not sufficiently constrained to conclusively prove that the two objects have remained close to each other for a longer period, within the current measurement uncertainties, such orbits are possible and not particularly unlikely (green lines in the right-hand panel of Figure 9). Furthermore, the two satellites currently reside on the opposite side of the MW from the LMC, which should minimize the latter’s influence on the potential pair. Given their similarity in position, distance, velocity, and proper motion, one can also expect that any effect that the LMC (or the MW’s resulting reflex motion) has on their orbits would influence both Draco and Ursa Minor to a very similar degree.




3.2. Tangential Velocity Excess


Cautun and Frenk [143] investigated the relation between the radial and tangential velocity of MW satellites with measured proper motions. They discovered a significant tangential velocity excess: 9 of 10 satellites have ≥  80 %   of their orbital kinetic energy in tangential motion. This constitutes another surprising tension with  Λ CDM simulations, in which a similar situation occurs in only 1.5% of satellite systems. This finding is independent of, and complementary to, the issue of satellite galaxy planes because it considers only the radial and tangential velocity components but not their direction, whereas most studies of the satellite plane only consider the three position coordinates and the orbital direction, but not the speed. However, it is interesting that the tangential velocity excess results in a similar degree of tension between the observed MW satellite system and  Λ CDM expectations based on simulations. One might hope for a joint solution to both.



While the original study relied largely on HST proper motions and considered only the most massive MW satellites, the measurement of proper motions for a larger number of satellites with Gaia made a reassessment possible. Analysis of a total of 38 MW satellites largely confirmed the previously found tangential velocity excess, though the inclusion of fainter satellites has resulted in a somewhat reduced fraction of ∼80% of all satellites having a tangentially biased motion [144]. This study also reports a radial dependency, with the satellites close to the MW having tangentially biased and the more distant ones radially biased velocities. This is in line with the general trend in cosmological simulations that contain massive baryonic host galaxies in their centers, indicating that tidal disruption in the central regions might play a role by preferentially destroying satellites on radial orbits. The now available Gaia EDR3 proper motion measurements [49,50,51], as well as future data releases, will help to clarify the situation. However, the issue might also be related to another peculiarity in the orbital distribution of satellite galaxies: their preference to lie close to the pericenter.




3.3. Closeness to Pericenter


The orbital velocity of an object such as a satellite galaxy orbiting a host is slowest at the apocenter. Consequently, a satellite galaxy orbiting the MW on an eccentric orbit spends more of its time around its apo- than its pericenter. While any one satellite galaxy observed at a random time can be at any phase along its orbit, for an ensemble of independent satellites, it is to be expected that they are preferentially found close to their apocenters.



However, when proper motions first became available for many of the fainter MW satellites via Gaia DR2, a pronounced preference of satellites to be found close to their orbital pericenter was reported [43,44]. This remains valid for a variety of different MW potential models, though more massive models (  1.6 ×  10 12    M ⊙    in [44]) somewhat reduce the excess at the pericenter. Nevertheless, despite the pronounced orbital eccentricities of the observed satellites, no preference to lie at the apocenter could be found even for such a high-mass MW model.



One potential systematic that could have produced this finding would be a bias towards overestimated tangential velocities, which can easily happen if proper motions are uncertain and not well-constrained. This would result in excessive inferred orbital energies and artificially increased apocenter distances and would thus make one falsely believe that more satellites are close to their pericenter than in reality. However, given that the improved accuracy of proper motion measurements with Gaia EDR3 has confirmed the preference of satellites to be found close to the pericenters of their orbits [49], this bias does not seem to be the dominant reason for the finding. Figure 10 confirms this finding for another set of proper motions obtained from Gaia EDR3 [51].



An alternative explanation would be that we have only discovered the most nearby satellite galaxies, which are naturally close to their pericenters. This predicts that a large number of satellite galaxies are still to be discovered at larger distances (>100 kpc), which would then be closer to their orbital apocenters. This prediction will be tested with upcoming observational surveys such as LSST, though it appears at odds with some estimated satellite discovery limits [23,145], and an analysis of a volume-complete sample of satellites and their Gaia EDR3 proper motions that also reports a pronounced excess of satellites close to their pericenters [49].



The preferred closeness to the pericenter could also possibly be related to a large number of considered satellites being in fact satellites brought in as a group with the LMC. They would then not constitute independent satellites, and a clustering close to a common orbital phase (specifically the pericenter, because the LMC is close to its pericenter) would be expected, particularly in a first-infall scenario. However, current estimates of the number of satellites that are associated with the LMC appear to be insufficient to fully account for the observed preference of satellites to be close to their pericenters [44].



Another possible explanation assumes that the observed satellite galaxies are in fact dark-matter-free dSphs, possibly formed as TDGs during a major merger in Andromeda [111]. The elevated observed velocity dispersions for the surface brightness of dwarf galaxies surrounding the MW would, in this scenario, be caused by tidal shocks when they pass their pericenters. Since this will effectively destroy the dwarfs shortly after their pericenter passage, it could explain why an excess of objects is found at the pericenter instead of at the apocenter: many dwarfs in this scenario would not reach the latter as an identifiable object [146].





4. Interdependencies between Different Types of Satellite Galaxy Phase-Space Correlations


Studies thus far have mostly focused on individual types of phase-space correlations discussed above. However, the different types show interesting interconnections, which could help us to ultimately understand their origins and possibly explain some of the peculiarities of specific observed satellite galaxy systems.



One connection that has received some attention in the literature is the strong relation between the M31 satellite plane and the lopsidedness of the M31 satellite system: while the off-plane satellites do not show a pronounced lopsidedness, of the 15 on-plane satellites, 13 are in the hemisphere pointing towards the MW (see yellow line in Figure 8). The lopsided distribution of M31 satellites thus appears to be entirely driven by the on-plane satellite galaxies [61].



Another interesting but thus far not discussed connection is that between planes of satellite galaxies and pairs of satellites. Of the five possible satellite pairs in the Local Group listed in Table 2, all are part of the two spatial satellite planes. This can be seen in Figure 2 and Figure 4, where the proposed pairs are highlighted in yellow. This appears to not only be restricted to a spatial alignment but also is present in their orbital motions. For three of these five pairs, proper motions indicate that both pair members co-orbit along the respective satellite plane: the LMC and SMC as well as Draco and Ursa Minor around the MW, and NGC 147 and NGC 185 around M31. The proper motions of the other two pairs are either not sufficiently constrained (Leo IV and Leo V share similar orbits and orbit along the VPOS) or have not been measured yet (Andromeda I and III). It is intriguing that these pairs, which, with the exception of the LMC–SMC pair, are neither interacting nor appear to presently be gravitationally bound, nevertheless move in similar directions along much more extended satellite structures. This speaks against a chance alignment and suggests some sort of causal connection. However, identifying the nature of this connection is complicated, because numerous possible explanations can be envisioned.



One such potential explanation is that the presence of a flattened distribution of satellite galaxies simply boosts the likelihood of chance alignments. By being preferentially confined to a common, flattened structure instead of a more spherical, isotropic distribution, the chance of finding close satellites and identifying them as apparent, spatially close pairs might be boosted. If satellites preferentially co-orbit along a common, flattened structure, such apparent pairs might also be expected to share similar orbital directions without having a direct connection.



Pairs of satellite galaxies can affect many other phase-space correlations and appear directly related to group infall. After all, a pair, if indeed sharing a common origin and thus orbit, would simply be a special case of a group of satellites. Identifying a pair might even give hints towards the identification of additional satellites that once were associated with these two in a more numerous group. This connection between pairs and groups is exemplified by the potential Leo IV and Leo V pair, both of which are also proposed members of a Crater–Leo group of satellites. Interestingly, while group infall is expected in  Λ CDM simulations [96,103,116,122], the apparent excess of close satellite pairs observed in the Local Group [139] indicates that such groups in simulations are not compact or not frequent enough to reproduce the observed close clustering of satellite galaxies.



A different possible explanation would, contrastingly, postulate that satellites preferentially arrange in pairs and groups, likely before even being accreted onto a host halo. This is the basis for attempts to explain the presence of planes of satellite galaxies via the accretion of satellites in groups [93,117]. The accretion of a single group of satellites constituting a substantial fraction of the overall satellite population of their host would initially introduce a degree of lopsidedness if the infalling group is sufficiently compact, too [147]. Only once the group has dispersed sufficiently along its orbit would such an asymmetry vanish. This is a possible explanation for the asymmetry in the distribution of MW satellites, as displayed in Figure 8, though uneven sky coverage and differences in survey depths also contribute to this and hinder a robust interpretation at this point. This idea could possibly be tested observationally, by studying the grouping of observed dwarf galaxies in the field (i.e., away from hosts) against predictions of the incidence and properties of such groups in cosmological simulations.



The tangential velocity excess might be directly related to the closeness of satellites to their pericenters, which, after all, is the one of two points along their orbit where the radial velocity component approaches zero. A possible connection between the accretion of groups of satellites and the excess of satellites close to their pericenter was also suggested in the context of the LMC bringing in an entourage of its own satellites. With the LMC close to its pericenter, its satellites would also be found in a similar orbital phase, yet this appears to be insufficient to account for the full pericenter excess [44].



As discussed in Section 3.3, the pericenter excess was also suggested to point at an alternative nature of the observed dwarf satellite galaxies as dark-matter-free dSphs that possibly originated as gas-rich tidal dwarf galaxies (TDGs). Interestingly, before the pericenter excess was even known, TDGs had already been proposed as a possible explanation for the observed planes of satellite galaxies. Galaxies formed out of tidal debris are expected to preferentially co-orbit in a common plane set by the interplay of the orbital angular momentum and internal spins of their colliding parent galaxies. However, adopting such a scenario has substantial further implications, as it would either worsen the missing satellites problem if it is to be realized in a  Λ CDM framework (because many observed satellites would then not be dark-matter-dominated, primordial dwarfs) or by requiring the adoption of a modified gravity paradigm such as MOND (to ensure that also TDGs show enhanced gravitational acceleration). Regardless, this possibility alone already illustrates that understanding the mutual connections between different types of phase-space correlations can have far-reaching implications for our interpretation of the origin, evolution, and nature of dwarf and satellite galaxies, the history of the Local Group, the nature of dark matter, and thus (near-field) cosmology.




5. Conclusions


Several different types of phase-space correlations among systems of satellite galaxies have been studied. Some of these, such as the planes of satellite galaxies, are recognized as either a problem, or at least a challenge, for the  Λ CDM model of cosmology. Other such challenges include the apparent overabundance of close pairs of satellites, which, interestingly, are found to be members of the planes of satellites, the excess of tangential velocities for the observed MW satellites compared to satellites in cosmological simulations, and potentially the closeness of MW satellites to their pericenters. Other phase-space correlations, lopsided distributions of satellites around their hosts and possibly the accretion of satellite galaxies in groups, appear to be in better agreement with cosmological expectations. However, the latter are both also connected to the other types of phase-space correlations, which makes a judgement on the source and status of the mismatches as well as the agreements between the observed satellite galaxy systems and  Λ CDM predictions from cosmological simulations difficult.



However, this can be seen as a sign that the study of phase-space correlations among satellite galaxies is a still relatively young field of research within the wider context of near-field cosmology. Consequently, numerous, partly fundamental, questions regarding the origins and interconnections between different types of phase-space correlations of satellite galaxies remain open at this point. What is the origin of planes of satellite galaxies? Are they a feature unique to the most nearby systems, or are similar structures common throughout the Universe? Do planes of satellites artificially boost the incidence of close pairs? Or does a clustering of satellites in pairs or compact groups, possibly to a degree exceeding that expected from current cosmological simulations, result in the identification of apparent satellite alignments and correlated orbital directions? Are lopsided satellite systems indicative of such group accretion events, or could they be a natural consequence of preferentially co-orbiting satellite systems? What is the impact of planes of satellite galaxies on estimations of the total number of dwarf galaxy satellites around the MW, which is often extrapolated from the observed systems under the assumption of an underlying isotropic distribution? How do phase-space-correlated dwarf galaxies compare in their internal properties and star formation histories, and could this help to shed light on similarities in their history and evolution, or reveal hints that they shared a similar environment before being accreted?



Addressing and answering these and other related questions in the coming years will require a multi-pronged approach. It will involve additional studies using cosmological simulations and, in particular, the dynamical evolution of satellite systems within them; dedicated orbit modeling informed by increasingly accurate and complete data for the most nearby satellite galaxy systems; as well as an expansion to additional, more distant systems of satellite galaxies around hosts beyond the Local Group. Current progress in numerical modeling, broad interest in the topic triggered by the wealth of information provided by Gaia’s accurate 6D phase-space information for the MW satellite galaxies, its promise to deliver even better measurements towards the mission’s end, and substantial observational progress in the investigation of more distant satellite galaxy systems that will further benefit from numerous upcoming observational facilities, all promise rich potential for future research.
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Figure 1. Schematic representations of different types of phase-space correlations that have been studied among systems of satellite galaxies. Clockwise starting from the top left: Planes of satellite galaxies (Section 2.2), lopsided satellite galaxy systems (Section 2.4), the infall of satellites in groups (Section 2.3), and close pairs of satellite galaxies (Section 3.1). 
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Figure 2. Distribution of dwarf galaxies around the Milky Way. The Milky Way is seen edge-on in the center (black line), with grey shaded areas indicating a   ±  12 ∘    region around the disk plane that is obscured and where dwarf galaxy searches are expected to be most incomplete. The view is oriented to show the Vast Polar Structure (VPOS) edge-on, which is illustrated with a black dashed line, and its root-mean-square width is indicated with the dotted lines. The dwarf galaxy positions are indicated with upward (downward) pointed triangles, indicating whether a dwarf is moving into (out of) the plot. The dwarfs that are likely or possibly orbiting along the VPOS are colored according to their most likely motion (red is receding from the viewer into the plot, blue is approaching out of the plot). Dwarfs which are consistent within their proper motion uncertainties are shown in light colors; dwarfs which are clearly not part of the VPOS are shown as empty symbols. Three proposed pairs of satellite galaxies are highlighted with yellow contours. These are, from top to bottom: Leo IV and Leo V, Draco and Ursa Minor, and the LMC and SMC. Their most likely velocities in this projection (from [49]) are indicated with green arrows. They are consistent with following similar orbital directions. Draco, Ursa Minor, and both Magellanic Clouds are also consistent with co-orbiting along the VPOS; Leo IV and Leo V have only weakly constrained proper motions but share a very similar orbit. 
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Figure 3. Most likely orbital poles (directions of angular momenta, large symbols) and their uncertainties (colored bands) for the MW satellite galaxies, based on their Gaia eDR3 proper motions from [49]. We also include the orbital poles for the LMC, SMC, and Sagittarius from [58]. The classical satellites are shown as diamonds and labeled, while the fainter satellites are shown as dots. The uncertainties in orbital pole directions are obtained by Monte Carlo sampling of the proper motion and distance uncertainties. The upper panel shows the well-constrained orbital poles (1 σ  uncertainty in direction    Δ sph  <  10 ∘   ), while the lower panel shows those with only weakly constrained or unconstrained orbital poles (   Δ sph  >  10 ∘   ). Satellites whose position alone already places them outside of the VPOS are plotted in grey: their orbital poles have no opportunity to align with the VPOS normal vector. Likely satellites of the LMC are plotted in dark red [59]. The pink cross and circle indicate the direction of the normal vector of the VPOS and the 10% area around it. Among the satellites with well-constrained orbital poles (upper panel), there is a pronounced preference to cluster in this direction, indicating that satellites preferentially co-orbit along this plane. This is not only driven by the likely LMC satellites but also by other MW satellites, including more massive classical satellites at large distances from the LMC. Among the satellites with only weakly constrained orbital poles (lower panel), many are consistent with orbiting along the VPOS within their uncertainties. 
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Figure 4. Distribution of dwarf galaxies around M31, as seen from our position. The shaded regions indicate the PAndAS survey footprint, within which most M31 satellite galaxies have been discovered. The position and orientation of M31 itself is indicated with the black ellipse in the center. The GPoA is seen edge-on and is indicated with a dashed line, while the dotted lines give its root mean square width. The symbols indicate whether a dwarf galaxy is approaching (downward pointing triangle) or receding (upward pointing triangle) from us relative to M31’s systemic velocity. The on-plane satellites are also color-coded as in Figure 2. Smaller, fainter symbols indicate that a dwarf lies behind M31, while larger, brighter symbols indicate the dwarf is in front of M31. This illustrates the strong lopsidedness of the M31 dwarf galaxy system, with the majority of satellites—and almost all GPoA members—residing in front of the galaxy as seen from the Milky Way. The two proposed pairs of satellites, NGC 147 and NGC 185 in the North, and Andromeda I and Andromeda III in the South, are highlighted by yellow outlines. Both pairs are part of the GPoA. The green arrows indicate the most likely velocity of NGC 147 and NGC 185, based on their proper motion, and show that these two dwarfs are consistent with co-orbiting along the GPoA in the sense indicated by the GPoA’s line-of-sight velocity trend, but they differ enough in their velocities to not constitute a bound pair [64]. 
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Figure 5. Distribution of dwarf galaxies around Centaurus A (dark grey circle in the center) as seen from the Milky Way, plotted similarly to Figure 2 and Figure 4. Dwarf galaxies with known line-of-sight velocities are colored, and other dwarf galaxies with consistent distance measurements (large crosses) or satellite galaxy candidates (black plus signs) are also shown. The dashed line indicates the major axis of the on-sky satellite distribution, and the dotted lines show its root mean square height. 
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Figure 6. Comparison of flattening (horizontal axes) and kinematic coherence (vertical axes) of observed (green stars) satellite galaxy systems and those found around hosts of similar mass in cosmological simulations. For the Milky Way (top-left panel), flattening is measured as the minor-to-major axis ratio   c / a   of the 11 brightest (classical) satellites, while the kinematic coherence is measured using the spherical standard distance of the seven most-clustered orbital poles   Δ sph  . The data are based on the analysis presented in Pawlowski and Kroupa [58], who report overall results to be very similar for other numbers of combined orbital poles, too. For Andromeda/M31 (top-right panel), the minor-to-major axis ratio flattening   c / a   of the 15 most-flattened out of 27 satellites within a mock PAndAS footprint is compared with the   N corr   number of satellites showing a coherent trend in the sign of their line-of-sight velocities relative to the host, as presented in Pawlowski & Sohn [submitted]. For Centaurus A (bottom panel), only the on-sky minor-to-major axis ratio   b / a   is used to determine the flattening of the observed system (to ensure independence of the more considerable distance uncertainties), while the kinematic coherence is quantified as in the case of Andromeda, with the number of satellites following a coherent line-of-sight velocity trend. This comparison is based on the analysis presented in Müller et al. [74]. All three comparisons are based on the same cosmological simulation, the highest-resolution, hydrodynamical Illustris TNG-100 run [88]. The blue shaded region indicates the density of individual satellite system realizations in the simulated analogs (grey crosses). The red contours indicate the fraction of systems lying to the top left of each point, i.e., the systems that are more flattened and more coherent in their velocities. The green-shaded areas delineate the regions where systems would be as or more extreme than the observed ones, and the fractions f indicate how many simulated systems fulfil these criteria. Clearly, none to only a few simulated systems are simultaneously as flattened and as kinematically coherent as the observed satellite planes. Only of order 0.1% of the simulated systems reproduce these two quantities of the observed satellite galaxy planes. 
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Figure 7. The proposed Crater–Leo group of MW satellite galaxies. The (left-hand panel) plots the on-sky positions of the five proposed group members in equatorial coordinates. They align along one great circle (solid grey line), which is inclined relative to the VPOS (dashed line). All satellites have relatively small galactocentric velocities   v GC   (color coding of symbols). Smaller symbols correspond to more distant satellites, highlighting the smooth distance gradient among the members from the ∼110 kpc distant Crater II in the South to Leo II at ∼210 kpc in the North. The thick arrows indicate the most likely direction of motion based on current proper motion estimates; the thinner arrows indicate Monte Carlo samplings from the proper motion uncertainties, and the circle segments indicate the 1, 2, and 3  σ  uncertainties in the velocity directions of the satellites. The velocities are currently not sufficiently constrained to clearly judge a possible association. All but Crater II are currently consistent with moving along the direction defined by the proposed group, but all could also could also move along the VPOS similarly to Crater II. The (right-hand panel) plots the specific total energy E and square of the specific angular momentum h for the five proposed objects, assuming an MW potential containing a mass of   1.5 ×  10 12    M ⊙    within 250 kpc. It is expected that satellites accreted as one group share similar energy and angular momentum. Within the current proper motion uncertainties (small dots indicate individual Monte Carlo sampled realizations of the observed data), Crater 1, Leo II, Leo IV, and Leo V share very similar energy and angular momentum (the point of closest crossing of all four is indicated by the vertical yellow band). Crater II appears to be unassociated due to its much smaller energy and angular momentum. 
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Figure 8. Cumulative distribution of the cosine of the angle  θ  between the position of satellites around the MW (left-hand panel) and M31 (right-hand panel), and, respectively, the direction from the MW to M31, and from M31 to the MW. The dashed black line indicates the expectation for an isotropic distribution. The dotted vertical line separates the hemispheres facing away from (left half,   cos ( θ ) < 0  ) or towards (right half,   cos ( θ ) > 0  ) the other major galaxy. The yellow lines give the cumulative distribution for only the 11 classical satellites of the MW, and for only the on-plane satellites of M31, respectively. For M31, there is a clear lopsidedness towards the MW, which is even more pronounced for the satellites that are members of its satellite plane. The MW satellites tend to preferentially face away from M31 (i.e., globally in the same direction as the M31 satellites), but uneven survey coverage areas and the presence of the LMC (corresponding angle indicated with a yellow arrow) with an entourage of its own satellites make this difficult to interpret. 
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Figure 9. Possible orbits of the dSphs Draco and Ursa Minor, a proposed pair of MW satellite galaxies. The (left-hand panel) shows the orbits in the y–z plane of a galactocentric Cartesian coordinate system. This orientation is an almost face-on view of the orbital planes of both dwarfs (and the VPOS). Each line corresponds to one possible orbit realized by drawing from the observational uncertainties (most notably the distance and proper motion) in a Monte Carlo fashion. Draco and Ursa Minor are consistent as they share the same orbital plane, orbital direction, orbital eccentricity, and similar apo- and pericenters. The (right-hand panel) shows the separation between Draco and Ursa Minor resulting from different Monte Carlo realizations, integrated backwards for 5 Gyr. While the proper motion uncertainties remain too high to conclusively confirm that the two satellites share a similar orbit, they are consistent with co-orbiting close to each other, because numerous realizations result in an average mutual separation below 30 kpc (highlighted in green). The orbits were integrated using the galpy package, adopting its MWpotential14 with a dark halo mass of   0.8 ×  10 12    M ⊙    as the potential of the MW [142]. 






Figure 9. Possible orbits of the dSphs Draco and Ursa Minor, a proposed pair of MW satellite galaxies. The (left-hand panel) shows the orbits in the y–z plane of a galactocentric Cartesian coordinate system. This orientation is an almost face-on view of the orbital planes of both dwarfs (and the VPOS). Each line corresponds to one possible orbit realized by drawing from the observational uncertainties (most notably the distance and proper motion) in a Monte Carlo fashion. Draco and Ursa Minor are consistent as they share the same orbital plane, orbital direction, orbital eccentricity, and similar apo- and pericenters. The (right-hand panel) shows the separation between Draco and Ursa Minor resulting from different Monte Carlo realizations, integrated backwards for 5 Gyr. While the proper motion uncertainties remain too high to conclusively confirm that the two satellites share a similar orbit, they are consistent with co-orbiting close to each other, because numerous realizations result in an average mutual separation below 30 kpc (highlighted in green). The orbits were integrated using the galpy package, adopting its MWpotential14 with a dark halo mass of   0.8 ×  10 12    M ⊙    as the potential of the MW [142].



[image: Galaxies 09 00066 g009]







[image: Galaxies 09 00066 g010 550] 





Figure 10. Phase along their orbits of the observed MW satellites with apocenters within 300 kpc, adopting the orbital parameters for the lower-mass MW model from Battaglia et al. [51]. The (left-hand panel) plots P, the period of the satellite’s orbit, against   t peri  , the time to the next pericenter (if positive) or the time since the last pericenter passage (if negative). The thin dashed lines indicate the possible limits (i.e., satellites at apocenter), and the thick dashed line indicates where satellites are at their pericenter. The dotted lines split these regions in half, which, for satellites in random phases, should be populated equally. However, the observed satellites (blue points) lie preferentially closer to their peri- than their apocenters, as indicated by the counts on the right. The (right-hand panel) shows the cumulative distribution of   f peri  , the fractional position in time of the satellite between the pericenter (   f peri  = 0  ) and apocenter (   f peri  = 1.0  ). For satellites at random phase, the latter should result in a uniform distribution (dashed line in right-hand panel), yet the observed satellites appear to be preferentially found close to their pericenters. A Kolmogorov–Smirnov test provides a probability of only 1.7% that the observed distribution was drawn from this expectation. 
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Table 1. Proposed Planes of Satellite Galaxies in the Local Volume. Flattening is either given as absolute rms height   Δ rms  , or as relative flattening as   c / a   (minor-to-major axis ratio) or   b / a   (on-sky minor-to-major axis ratio). LSS gives the alignment with the surrounding large-scale structure or super-galactic plane (SGP).
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	Host
	    N member    
	Extent
	Spatial Flattening
	Kinematic Coherence
	LSS
	Refs.
	Comments





	MW
	11
	250 kpc
	  c / a = 0.182  ,    Δ rms  = 19.6   kpc
	8 aligned orbital poles
	   40 ∘   
	[54,58]
	classical satellites only



	
	40–50
	
	  c / a = 0.2  –  0.3  ,    Δ rms  = 20  –30 kpc
	50–75% aligned orbital poles
	
	[22,49]
	3 counter-orbit



	M31
	15–19
	400 kpc
	  c / a = 0.107  ,    Δ rms  = 12.6   kpc
	13/15 have   v los   coherence
	   5 ∘   
	[60,76]
	



	
	
	
	
	2/2 with PMs co-orbit
	
	[64]
	



	Cen A
	28
	800 kpc
	   b / a = 0.52   
	21/28 have   v los   coherence
	   10 ∘   
	[74]
	



	M 81
	19
	600 kpc
	  b / a = 0.5  ,    Δ rms  = 61   kpc
	unknown
	SGP aligned
	[27]
	gas-poor satellites only



	M 83
	6
	210 kpc
	   Δ rms  = 20   kpc
	unknown
	   58 ∘   
	[77]
	



	M 101
	11
	1.5 Mpc
	   Δ rms  = 46   kpc
	unknown
	   32 ∘   
	[29]
	filament?



	NGC 253
	7
	600 kpc
	  c / a = 0.14  ,    Δ rms  = 31   kpc
	4/5 have   v los   coherence
	   17 ∘   
	[67]
	filament?



	NGC 2750
	7
	150 kpc
	N/A
	6 with   v los   show strong coherence
	N/A
	[69]
	lower-mass Cen A analog?
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Table 2. Proposed pairs of satellite galaxies in the Local Group.






Table 2. Proposed pairs of satellite galaxies in the Local Group.





	Pair
	Host
	Satellite Plane Alignment
	Comments





	LMC + SMC
	MW
	yes (in pos + 3D vel)
	group bringing in a number of smaller satellites, too



	Draco + Ursa Minor
	MW
	yes (in pos + 3D vel)
	within PM uncertainties, small separation possible for long time



	Leo IV + Leo V
	MW
	yes (in pos, 3D vel unclear)
	possible group with Crater 1, Crater II, Leo II?



	And I + And III
	M31
	yes (in pos, los vel)
	no PMs available yet



	NGC 147 + NGC 185
	M31
	yes (pos + 3D vel)
	PMs indicate similar orbital plane but different orbits
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