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Abstract

Context. No less than 15% of large asteroids (with diameters greater than 140 km) have satellites. The commonly accepted mechanism for their formation is post-impact reaccumulation. However, the detailed physical and dynamical properties of these systems are not well understood, and many of them have not been studied in detail.

Aims. We studied the population of large binary asteroid systems, in part through the characterization of (283) Emma and (762) Pulcova. To do so, we compared the gravitational fields predicted from the shape of the primary body with the non-Keplerian gravitational components identified in orbital models of the satellites of each system. We contextualize these systems in the greater population of large binary systems, thus providing clues to asteroid satellite formation.

Methods. We reduced all historical high angular resolution adaptive optics (AO) images from ground-based telescopes to conduct astrometric and photometric measurements of each system’s components. We then determined orbital solutions for each system using the genoid algorithm. We modeled the shapes of the system primaries using light curve-inversion techniques scaled with stellar occultations and AO images, and we developed internal structure models using SHTOOLS. Finally, we compared the distribution of the physical and orbital properties of the known binary asteroid systems.

Results. We find a very low residual orbital solution for Emma with a gravitational quadrupole J2 value that is significantly lower than expected from the shape model, implying that Emma has a significantly nonhomogeneous internal structure, and an overall bulk density of 0.9 ± 0.3 g cm-3−3. The circular co-planar orbit of Pulcova’s satellite leaves substantial ambiguity in the orbital solution. We also find that the differences between these systems reflect an overall dichotomy within the population of large binary systems, with a strong correlation between primary elongation and satellite eccentricity observed in one group.

Conclusions. We determine that there may be two distinct formation pathways influencing the end-state dichotomy in these binary systems, and that (762) Pulcova and (283) Emma belong to the two separate groups.
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1 Introduction
From the discovery of tiny Dactyl orbiting (243) Ida in 1993 (Chapman et al. 1995) to the DART impact on Dimorphos in September 2022 (Rivkin et al. 2021), asteroid satellites have proven time and time again to be objects essential to the understanding of the physical and dynamical properties of the entire asteroid population (Margot et al. 2015). Notably, the dynamical characterization of multiple asteroid systems provides one of the only reliable ways in which to determine the mass and density of the primary body from remote observations (Britt et al. 2002; Carry 2012; Scheeres et al. 2015). In particular, direct observation of large binary systems is the most efficient method of remotely probing asteroid internal structures (e.g., Carry et al. 2021; Ferrais et al. 2022). Direct observation provides information about their formation and evolution that can then be extrapolated to the entire asteroid population (Walsh & Jacobson 2015; Nesvorný et al. 2018; Vernazza et al. 2021).
Increasing datasets and advancing instrumentation and image analysis techniques have allowed us to develop progressively intricate models for asteroid shapes (e.g., Carry et al. 2010; Kaasalainen 2011; Viikinkoski et al. 2015; Ďurech et al. 2015) and the orbits of asteroid moons (see Vachier et al. 2012; Fang & Margot 2012; Brož et al. 2021, for instance). Over long observational baselines, small non-Keplerian influences can be detectable in orbital solutions, even in relatively low-resolution datasets. These non-Keplerian gravitational influences can then be compared to expected perturbations that would result from the gravitational field of the primary of the system (Carry et al. 2019; Fang et al. 2012; Ferrais et al. 2022; Fuksa et al. 2023) in the case that the system has a totally homogeneous internal structure. Since the primaries of most binary systems are highly nonspherical (Vernazza et al. 2021), these influences can be substantial.
Here, we present two orbital models for the large carbonaceous, main-belt binary systems (283) Emma and (762) Pulcova. These systems both have unusually large satellites compared to the diameters of their primary body, and are the smallest known binary systems with primaries that can be resolved through adaptive optics imaging. In Sect. 2, we present the observational datasets included in this study, where they are sourced, and our data reduction process; in Sects. 3 and 4, we present the shape models used and developed for this study and the multipole decompositions thereof, and our method for orbit determination and the orbital solutions for the two systems. In Sect. 5, we present the physical properties derived from the shape and orbital models described in the previous two sections. In Sect. 6, we discuss the implications of these results. Finally, Sect. 7 contextualizes these results in comparison to the full population of large binary asteroid systems.
2 Observations and data reduction
2.1 High angular resolution images
To construct the most accurate orbit possible, we used all available high angular resolution archive data of these objects from 3.5–10 m class telescopes. In total, we measured a total of 68 and 56 positions of the satellites, S/2000 (762) 1 (henceforth nicknamed Pulcamoon) and S/2003 (283) 1 (henceforth nicknamed Emmoon), respectively. The data for Pulcova (Emma) spans twenty (ten) years in total, from February 22nd, 2000 to September 11th, 2019 (July 14th, 2003 to June 16th 2013). Included in this set are observations previously published by Merline et al. (2000, 2003); Marchis et al. (2008a,b), for which we have re-reduced the data from the raw images, and unpublished public archival data. A summary of these observations can be viewed in Sects. C.1 and C.2. Due to a significant known issue with field orientation in Gemini/Hokupa’a data1, no astro-metric measurements from these observations were included in this study.
Images from the ESO VLT2 were acquired with NACO (Lenzen et al. 2003; Rousset et al. 2003), images from Gemini3 were acquired with Hokupa’a or NIRI (Graves et al. 1998; Hodapp et al. 2003), images from Keck II4 were acquired with NIRC2 (van Dam et al. 2004), and images from CFHT5 were acquired with PUEO/aobir. Images in an observational epoch were stacked in groups with the same exposure time and filter, so for example H band images taken consecutively to K band images would be separated into two independent observations. Usual image processing, including sky subtraction, bad pixel removal, flat-field, was performed using calibration frames (Carry et al. 2008), and halo subtraction techniques were applied to enhance contrast (Pajuelo et al. 2018).
Relative photometry and astrometry of the satellites were measured using 2D-Gaussian fits on the pre- and post-halo subtracted images. In general, the photometry and astrometry of the primary body were measured on the pre-halo subtracted images, and of the satellite on the corresponding post-halo subtracted images. Measured positions of the satellite change on an order much smaller than the astrometric uncertainties between pre- and post-halo subtracted images; however, in cases where the satellite is at a small angular separation from the primary, it is much easier to identify the position of the satellite post-halo-subtraction. Examples of this processing can be seen in Figure 1. Formal one-pixel astrometric uncertainties are applied, to account for potential offsets between the primary’s photo- and barycenters; however, the quality of the orbital fits suggests that this may be an overestimate.
	[image: thumbnail]	Fig. 1 First (left) and most recent (right) images of (762) Pulcova and its Pulcamoon, before (top) and after (bottom) the application of a halo-subtraction algorithm.



2.2 Optical light curves
To construct a shape model for (762) Pulcova, we collected and observed photometric light curves of the system. Observations before 2023 were taken from the literature, public databases (Behrend et al. 2006; Warner et al. 2011)6,7 and individual observers, some of which are authors on this manuscript (IS, ES, MF, EJ, AM, RR, KA, RB). Light curves collected from public databases include those observed by A. Waszczak, E. Reina Lorenz, L. P. Strabla, J. Oey, and D. L. Gorshanov. Some of these observations appear in previous publications, including Vereshchagina (2011) and Alton (2011). In 2023, observations were made with TRAPPIST-South (Jehin et al. 2011) on February 16th, and the 60 cm André Peyrot telescope mounted at Les Makes observatory (IAU code 181) on La Réunion island on April 21st-23rd. A summary of these observations appears in Table B.1.
3 Shape models
To assess potential discrepancies between the shape-based estimates (assuming a homogeneous internal structure) and the orbit-based estimates of the gravitational fields of Pulcova and Emma, it is necessary to have accurate shape models of the systems’ primaries. We discuss the shape models used for Pulcova and Emma in the following section.
3.1 Pulcova
For asteroid (762) Pulcova, the shape model is constructed using the standard light curve inversion technique (Kaasalainen & Torppa 2001; Kaasalainen et al. 2001), where the absolute scale of the system is determined with stellar occultations (Ďurech et al. 2011). A combination of photometric light curves and sparse photometry were used to construct this model. No AO images were included as Pulcova’s primary was not sufficiently angularly resolved in any of the available archival data. We found an effective diameter for Pulcova of 136 ± 10 km, smaller than the previously reported value of 149 km. A description of the observations used can be found in Table B.1. The model was adjusted iteratively with the orbital solution, as the primary spin pole was fitted as part of the orbital model. Estimations of the spin pole from the light curve inversion alone were imprecise (Fig. 2), with no clear best-fit solution. Spin estimates from the orbital solution were much more precise, although uncertainties were still in the range of a few degrees. The model with the fixed spin pole was found to be a good fit to the stellar occulations (Fig. A.1). We found the shape model to be very sensitive to small changes in the spin orientation, and thus the spin pole uncertainty introduces a significant source of ambiguity into the shape model. A topographic map of the shape model of Pulcova can be found in Fig. A.5. Future observations, such as high-quality occultations or optical wavelength AO imaging, could be used to improve this model. Occultation predictions are listed in Table D.2. The utility of future light curve observations is limited.
	[image: thumbnail]	Fig. 2 Residuals of spin pole solutions from light curve inversion for asteroid (762) Pulcova. The light regions correspond to lower χ2 values, and therefore better-fit solutions. The coordinates of the best-fit orbital pole are marked with a star.



3.2 Emma
For (283) Emma, we used the shape model available from DAMIT8 (Ďurech et al. 2010), previously published in Viikinkoski et al. (2017). As noted in Sect. 4, a simple Keplerian motion cannot reproduce the observed positions of the satellite of Emma. We thus studied its orbit by expanding the gravitational potential to the second order, hence including the polar oblateness C20 = – J2 and the Tesseral and Sectorial coefficients C22 and S22. Further analysis of Emma’s shape and information about alternative shape models can be found in Appendix A.
3.3 Moons
For both of these systems, the satellites were not disk-resolved in any images (that is, they presented as point sources), and no stellar occultations have been reported to capture the system secondaries. Therefore, we approximate the shape of the secondaries as a sphere, although there is no evidence to indicate that this is actually the case. The influence of, for example, the J2 of the satellite is assumed to be negligible due to the large size difference and separation between the two components.
We calculate the diameter of the satellites as follows. First, an outlier-rejected set of magnitude differences (Δm) are derived from the adaptive optics images. There is some level of variability in the Δm due to the nonspherical shape of the primary. Then, the relative and absolute size of the satellites is determined from the average value of these magnitude differences, as described in Eq. (1), assuming a similar albedo for the primary and the satellite:
[image: equation](1)
For Emmoon, we determine Ds = 14 ± 3 km and for Pul-camoon we determine Ds = 14 ± 4 km, resulting in Ds/Dp ≈ 0.1 for both systems.
4 Orbit determination
We used the genoid algorithm (Vachier et al. 2012) to derive the orbital parameters from the observed astrometric positions of each system’s satellite with respect to the primary body9.
Genoid is a genetic algorithm that searches for a best-fit orbital solution over defined ranges of input parameters. The parameters for the initial generation of solutions are randomly assigned over a large range of values for each parameter (mass, semi-major axis, eccentricity, etc.). For successive generations parameters are pulled from the most successful previous solutions. Depending on the complexity of the problem, differing input parameters can be held fixed or variable (for example, the coordinates of the primary’s spin-pole, or higher-order gravitational terms), and external forces (for example, the influences of solar gravity) can be included or excluded. This process is described in more detail in Vachier et al. (2012), Berthier et al. (2014), and Vachier et al. (2022), among others. For both Pulcova and Emma, we anticipated the gravitational influences of the nonspherical primary (J2) to have a significantly higher influence than any external perturbers (Sun, planets, see Figure 3). Therefore, solar and planetary influences were only considered in orbital models where higher-order gravitational terms were also considered. Solutions were tested with terms up to the order 4 included, but ultimately due to the large semi-major axis of these satellites all terms above order two were determined to be negligible.
The uncertainties associated with this technique are statistical, not formal, and encompass the range of values for the parameter found in all solutions compatible with the observed positions at the 1σ (or 2 or 3 σ) level. This provides a full sampling of the parameter space, and accounts for nonlinear correlations that may exist. Not all combinations of parameters within the 1σ range will be compatible as all parameters are varied simultaneously, which means that outlying solutions can artificially inflate uncertainties on parameters that are generally well constrained.
	[image: thumbnail]	Fig. 3 Expected gravitational force due to system gravity and external perturbers, as a function of satellite distance for Pulcova (upper panel) and Emma (lower panel). The shaded regions around planetary forces indicate the range of the force between the objects closest and farthest approach to the asteroid. At the positions of both Pulcamoon and Emmoon (marked with a dashed line), the contribution of external perturbers is negligible.



Table 1 
Orbital elements of the satellite of Pulcova, expressed in EQJ2000 (equatorial coordinates), obtained with genoid.

4.1 Pulcova
The orbital dynamics of Pulcamoon can easily be modeled with a simple Keplerian orbit. Such a model provides a nearly circular orbital geometry in a nearly equatorial plane. This orbital solution is further described in Table 1.
This orbit can also be fit equally well using significantly more complicated models with resulting J2 values as high as J2 = 0.13, and nonzero C22 and S22 coefficients. However, the severe degeneracy in the higher-order terms of the orbital fitting leaves significant ambiguity in Pulcova’s internal structure, and it is not worthwhile to pursue resolving this degeneracy until Pulcova’s shape model is more clearly defined (see Sect. 3 for further discussion on this subject). Orbital residuals are displayed in Fig. 4.
We identify significant differences between our orbital solution for Pulcamoon and a previously published solution by Marchis et al. (2008a). We find a shorter period (4.14 vs. 4.44 days), longer semi-major axis (738 vs. 703 km), and lower eccentricity (0.004 vs. 0.03). We also find Pulcova to be significantly heavier, with a mass of 1.865 ± 0.019 × 1018 kg (vs. 1.4 ± 0.1 × 1018 kg), and as a result we find a much higher density (1.4 ± 0.2 g cm–3 vs. 0.9 ± 0.1 g cm–3). Our solution incorporates a longer orbital baseline (2000–2019 vs. 2003–2006). Very early analysis by Merline et al. (2002) provide roughly similar results, with an orbital period of 4.0 days, a semi-major axis of 810 km, and a system density of 1.8 ± 0.8 g cm–3.
	[image: thumbnail]	Fig. 4 Residuals of Pulcamoon’s orbital solution in the x and y directions, scaled to 1 pixel residuals. The residuals follow a roughly Gaussian distribution with a standard deviation equivalent to the 1 pixel uncertainties. The dark red points correspond to older observations; the lavender points correspond to recent observations.



4.2 Emma
The orbital solution for Emma is unambiguous, with a low root mean square (RMS) of the residuals between the observed positions and those predicted based on the determined orbital solution of 5.4 mas. The satellite orbits along a moderately eccentric path (e = 0.11 ± 0.01) and a clear detection of J2 = 0.11 ± 0.01 is observed. We also note a detection of the Tesseral coefficient C22 = 0.08 ± 0.01, although the inclusion of this term is not strictly necessary for a reasonable fit. We were unable to find a strictly Keplerian solution with a reasonable fit to the observational dataset, although portions of the dataset, and no portion of the dataset spanning over one month could be reasonably approximated by a Keplerian orbit. The details of the orbital solution are presented in Table 2. One-pixel uncertainties were assigned to all observations; however this may be an overestimate as the residuals of the orbital fit are on average much smaller than 1σ. This is illustrated in Fig. 5. Since the model fit so well, uncertainties were reduced to the half pixel level to provide more reasonable uncertainties on resulting physical parameters.
Orbital solutions were calculated using two values for the radius of Emma, 67 km from the updated shape model and the 71 km equivalent radius measured from the Viikinkoski et al. (2017) shape model (discussed in Sect. 3). We find that Emma is only marginally resolved in the AO images used to construct and scale the shape model, and as such it is difficult to determine which value is more reliable. We also note that the shape model does not appear to be an exceptionally good fit to the AO observations (see for example the misalignment between the model and the observations in the Figure A.17 of Viikinkoski et al. (2017)). Since the determination of J2 is sensitive to Emma’s radius, which is held as a fixed parameter, it is illogical to compare an orbital solution based upon one shape model with the physical J2 from another model. Therefore, we have assumed the value from the shape model to be correct. The additional orbital solution is presented Table E.1, using the alternative shape model discussed in Sect. 3 with a diameter Dp = 133 ± 3 km. This model provides a higher density of 1.1 ± 0.1 g cm–3, and a dynamical J2 = 0.13. The literature presents a wide range of estimates (for example Masiero et al. (2021) presents values from 112 km to 155 km for Emma’s diameter within the same study), an effect which likely originates from Emma’s highly elongated shape.
When reducing the astrometric uncertainties by a factor of two, we find very similar results, with substantially reduced uncertainties, suggesting that the large uncertainties in the other trials were artificially inflating the 1σ fit to an unreasonable level. We recall that the 1σ uncertainties are determined statistically, meaning that they represent the range of values found in all solutions that fit the observations at the 1σ level. However, occasional outliers can bias these results, artificially inflating the uncertainties. This solution is broadly similar to the solution reported by Marchis et al. (2008b), although not all parameters are in agreement. We determine a slightly longer orbital period (3.41 d vs. 3.35 d) and slightly larger semi-major axis (588km vs. 581+3.6 km). The eccentricities between the two solutions agree, as do the masses, although ours are determined more precisely. Our solution incorporates observations taken over a period of ten years (compared to three in the Marchis solution), therefore allowing us to constrain Emmoon’s precession. Notably, Emmoon’s precession due to Emma’s irregular shape is observable on timescales much shorter than the 3 year period of observations used in the Marchis solution, but no value of J2 is reported. This may account for some of the discrepancies between the two solutions.
Table 2 
Orbital elements of the satellite of Emma (see Table 1 for a description of the parameters).

	[image: thumbnail]	Fig. 5 Residuals of Emmoon’s orbital solution in the x and y directions, scaled to 1 pixel residuals. The vast majority of points fall within the nominal one-pixel uncertainty level (innermost circle). The darker points correspond to older data and lighter points to newer data.



4.3 Some limitations
Since the orbital solutions presented in this study come from a large compilation of archival data, there is naturally a level of variance in the quality of these datasets. The quality of an observation is dependent on a number of factors, including the weather, telescope aperture, the AO correction quality of the instrument, and the distance between the Earth and the asteroid at the time of observation. These parameters are not always optimized, and so not all observations provide the same quality.
Furthermore, there is a large variation in the pixel scale of different instruments (ranging from 10 mas to 35 mas), which directly translates to the 1-pixel uncertainties used in the calculation of these orbital solutions. This can be seen to be propagated to the RMS residuals of a given orbital solution, and may explain why Pulcova seems to have a poorer-quality fit than Emma, as the mean pixel size was larger for Pulcova than for Emma (20 mas vs. 15 mas). This is especially notable when considering CFHT/PUEO observations. This is an early-generation AO instrument on a significantly smaller telescope than any of the other instruments considered in this study. It also appears that observations by this instrument may have a small systematic offset from the true position of the satellite, possibly due to an imperfectly calibrated field orientation. To minimize the effects of this on our calculations when considering high-order gravitational terms, we computed the final orbital solution on all observations except for CFHT/PUEO, and then confirmed afterwards that the predicted ephemeris positions matched well to the CFHT observations.
	[image: thumbnail]	Fig. 6 Range of bulk density distribution for Pulcova.



5 Physical properties
5.1 Internal structure
From a combined analysis of the shape models and orbital solutions for these two systems we can analyze the internal structure of each of their primary bodies. For Pulcova, we determine a density of 1.4 ± 0.2 g cm–3. This is similar to the density of other C type asteroids and analogous meteorites (Carry 2012). Beyond this, little information can be derived about the internal structure of Pulcova due to the ambiguity of the orbit. Considering the Keplerian case, a naive interpretation may suggest that this implies a heavily differentiated internal structure for Pulcova to compensate for the substantial difference between the orbital J2 = 0 and the J2 = 0.10 from the shape, but this is unlikely to be the case. In the case of a satellite that orbits on a path that is very nearly circular and coplanar to the primary’s equator, precession cannot be observed, and therefore many acceptable orbital solutions can be identified, as any arbitrary choice of J2 can produce a reasonable fit to the observational dataset. Figure 6 describes potential bulk composition ratios for Pulcova, and demonstrates that a wide variety of compositions with a mixture of ice, rock, and void are plausible. The overall fraction of void space is relatively low, most likely on the order of 30% with an upper limit of 50%.
For Emma, we determine a mass of 1.4 ± 0.2 × 1018 kg, providing a density of 0.9 ± 0.3 g cm–3. We find a difference between the dynamical (J2 = 0.11 ± 0.01, determined from the orbital model) and physical (J2 ≈ 0.14, determined from the shape model) gravitational fields of Emma. These differences can be easily reconciled through a two layer (core-crust) internal structure model for Emma (similar to Kalliope, see Ferrais et al. 2022), further information on such models can be found in Appendix A.
Notably, the methodology used to produce the shape model of Emma presents some ambiguity. The AO observations included in the shape model computation are low resolution as Emma is poorly resolved and the dataset is limited. It could therefore be possible that there are additional concavities or extensive cratering influencing the low density of Emma’s outer layer. Unlike convex surface features, it is impossible to recover concavities with the supplementary light curve observations. Some large-scale concavities are already present in the model, but others could be obscured. In particular, the possibility of widespread deep cratering could be a plausible explanation for the low-density outer shell (similar to that which can be observed in images of Hyperion with Cassini, Thomas et al. 2007).
Figure 7 shows potential bulk compositions for Emma overall (in purple) and Emma’s crust (in yellow). Emma is likely to be void-dominated, particularly in the crustal layer, which we predict to be at least 30% void space, but may be up to 80% void. Although this fraction may seem extreme, similar compositions can be observed in other populations of Solar System objects such as Kuiper Belt objects (Hirabayashi et al. 2020), comets (Jorda et al. 2016), or some giant planet satellites (Thomas et al. 2007).
	[image: thumbnail]	Fig. 7 Range of bulk density distribution for Emma, with overall bulk density mapped in purple, and crust density in yellow. The same range of rock densities is considered for the composition of both the core and crust material.



5.2 Constraints on precession
Due to the uncertainty in the shape models, the value of J2 can only be determined precisely when making assumptions about the primary shape. However, although J2 is the varied parameter, the constrained physical property is actually the satellite’s nodal precession ωΡ, and this parameter can be precisely and accurately measured. It can be expressed as
[image: equation](2)
where ωΡ is expressed in rad/s and ω is expressed as 2π/Ρ where P is the period in seconds. Taking a, e to be accurately measured and Λ to be ≈0 (as is the case for Emma), one finds that
[image: equation](3)
where C is a constant. Then, J2 may be expressed as a function of diameter:
[image: equation](4)
For Emma, we determine a value of C = 608 km2, verified by orbital solutions solved for multiple values of Dp.
	[image: thumbnail]	Fig. 8 Density distribution for C-type asteroids. The sample is limited to asteroids with uncertainties under 0.5 g/cm3. The parent bodies are (in order of increasing diameter) Tisiphone, Emma, Alauda, Themis, Euphrosyne, and Hygiea.



6 Discussion
Although the Pulcova and Emma systems share many qualities (size, shape, Ds/Dp, …), in depth orbital analysis reveals several key differences. The very low density of (283) Emma (ρ = 0.9 ± 0.3 g cm–3), alongside the unusual dynamical properties of the satellite could indicate that the two systems have differing histories, and formed in different ways.
Although the nuanced internal structure of Pulcova remains ambiguous, due to the imprecise models of its satellite orbit and shape, the overall bulk density (1.4 g cm–3) is in line with that which is observed in other C-type asteroids (Carry 2012; Vernazza et al. 2021; Berthier et al. 2023). For Emma, we identify an inhomogeneous internal structure, as described in Sect. 5. Unlike, for example, (4) Vesta, this is unlikely to be a result of genuine primordial differentiation. Rather, we propose that the present day state of Emma is the result of a catastrophic impact to a larger, primordial parent body, of which Emma is the largest remaining fragment. The largest solid fragment of the parent body forms Emma’s “core”, and is surrounded by a substantial layer of re-accumulated debris with significant voids, forming Emma’s low-density outer shell (Michel et al. 2015). Amongst C-type asteroids, we observe that objects that are the parent bodies of large families are typically lower density than those at equivalent diameter which are not, see for example Figure 8.
In addition to the anticipated density profile of Emma, we find two significant pieces of evidence that support this hypothesis. First, the presence of Emma’s large family (Milani et al. 2019), and second, the unusually large size of Emmoon compared to Emma (e.g., Figure 9).
The Emma family, composed of 841 identified members (D ⪆ 8 km), exhibits compositional homogeneity with nearly all members belonging to a primitive taxonomic type (C,P/X) indicating that it likely originates from an undifferentiated parent body. Spectral analysis indicates that Emma’s taxonomic classification varies between C- and P-type like between different measurements10, which could indicate some large-scale variation in Emma’s surface composition. It is typical of carbonaceous dynamical families to exhibit a mixture of C and P type members (Marsset et al. 2016b; Yang et al. 2020a), which may indicate that there is some level of differentiation or compositional mixing within carbonaceous parent bodies (Carry et al. 2021 ; Vernazza et al. 2021).
Assuming uniform albedo between components, Emmoon is only a factor of 10 smaller than Emma (Ds/Dp = 0.1), making it one of the largest known asteroid satellites compared to the system’s primary (following that of (22) Kalliope, Ferrais et al. 2022). Fig. 9 shows a comparison between satellite size and system size. Observational biases are likely to affect this distribution, as many smaller (<200 km) asteroids fall below the limiting magnitude of new-generation AO instruments like VLT/SPHERE, and very small satellites may not have been detectable with older generation instruments such as Keck/NIRC2 (Marsset et al. 2016a; Yang et al. 2016).
	[image: thumbnail]	Fig. 9 Satellite-primary diameter ratio (Ds/Dp) vs. system equivalent diameter for known large (Dp > 100 km) binaries and higher-multiplicity systems. In the case where the system hosts more than one satellite, we consider here the outermost satellite. The double asteroids Antiope and Patroclus are excluded, as well as the strange asteroid Kleopatra, which likely formed its satellites through a different mechanism (Marchis et al. 2021).



7 Spins, shapes, and families: Differing dynamical populations might suggest differing formation pathways
Over the past several years, the improved characterization of several large binary systems has created the first reasonably reliable physical-dynamical dataset from which to study the population as a whole. Here, we compile binary properties from various studies, including this work, Pajuelo et al. (2018) (Camilla), Carry et al. (2019) (Daphne), Yang et al. (2020b) (Euphrosyne), Carry et al. (2021) (Sylvia), Ferrais et al. (2022) (Kalliope), Merline et al. (2002) (Ida, Hermione), IMCCE (2021) and updates thereto (Hektor, Alauda, Eugenia, Minerva, Elektra), and discuss observable trends within the population. In addition, when discussing asteroid families, we have compiled family membership from the following studies: Milani et al. (2014); Nesvorny (2015); Vinogradova (2019); Delbo et al. (2017); Tsirvoulis (2019); Pavela et al. (2021); Delbo et al. (2019); Ragozzine & Brown (2007); Rożek et al. (2011); Brož et al. (2013); Dykhuis et al. (2014); Vokrouhlický et al. (2021); |Marschall et al. (2022).
The prototypical binary system has been well described by many authors over the years, featuring a singly synchronous (Jacobson & Scheeres 2011) satellite on a circular, co-planar orbit (Nesvorný et al. 2020; Ferrais et al. 2022), a moderately elongated and rapidly rotating primary (Carry et al. 2021; Vernazza et al. 2021), and a large family (even if it has yet to be identified Brož et al. 2022; Vokrouhlický et al. 2010). Unfortunately, it seems that many of the known binary systems differ from this prototype, with slow spinners, eccentric orbits, and unusual shapes amongst their ranks. However, these atypical binary systems seem to follow their own rules, with predictable correlations between key parameters. This suggests that these systems are not merely mismatched outliers but rather a distinct population, potentially indicative of a distinct formation mechanism.
	[image: thumbnail]	Fig. 10 Eccentricity of the (outer) satellite of each binary or multiple system against the elongation of the primary body in the plane orthogonal to the primary spin axis (b/a). The individual asteroids are as follows (from left to right): Eccentric series: (243) Ida, (624) Hektor, (283) Emma, (130) Elektra, (702) Alauda, (31) Euphrosyne, (93) Minerva; Circular series: (87) Sylvia, (121) Hermione, (22) Kalliope, (107) Camilla, (762) Pulcova, (45) Eugenia, (41) Daphne.



7.1 Shape–eccentricity relation
The first distinction between the prototypical and atypical binary systems can be found in the satellites’ orbital dynamics. The prototypical binary (or triple) systems satellites orbit on circular (e<0.01), mostly coplanar orbits, with a possible additional inner satellite. This is not the case for the atypical binaries, which exhibit a sizeable range of eccentricities (e = 0.03 – 0.20). The eccentricity of the atypical binary systems is not randomly distributed, rather, it correlates strongly to the shape of the system’s primary (see Figure 10). A Pearson Correlation Coefficient (PCC) test of the linearity of this distribution provides a value of –0.98, with a p-value of 10–5.
Axes ratio values (assuming a tri-axial ellipsoid shape with a>b>c) b/a were calculated by one of the following methods, depending upon the system. For those that were observed by Vernazza et al. (2021) the b/a were sourced from that study. For the other systems, b/a values were either determined from the dimensions of the shape model listed on DAMIT or from Thomas et al. (1996), or by analysis of the shape model following the method by Dobrovolskis (1996). The prototypical binaries occupy a narrow range of elongations (0.67<b/a<0.80), whereas the atypical binaries span a wide range of values (0.4<b/a<1).
Either of these trends can be explained intuitively, but the explanations are difficult to reconcile. First, the prototypical binaries can be explained by tidal circularization (Nesvorný et al. 2020), which is effective regardless of the shape of the primary. This mechanism should also be more efficient for tightly bound systems; however, the distance between the primary and the satellite seems to be independent of the system’s eccentricity. The correlation between eccentricity and shape in the atypical population can be assumed to be an effect of the non-spherical shape (and, by extension, nonspherical gravity) of the primary on the satellite, either at the time of satellite formation or excited over time due to tides or resonances. A united explanation for the formation of the entire population is significantly more challenging to justify.
It could be argued that timing of formation is the differentiating factor between the two populations, that one population has not had time to circularize (or, conversely, excite) their satellites to their final orbit. However, this argument is not well founded. Under the assumption that the eccentric orbits are the final state, we would expect to see young families around the typical binaries (which we do not), and likely a wider distribution of eccentricity leading up to the shape-eccentricity sequence, of systems which are partially excited but not yet in their fully excited final geometry. If the circular binaries are the final state, a correlation between eccentricity and family age would be expected (which is not present), with older families having more circular orbits. Furthermore, it fails to explain why all systems with circular orbits occupy a much narrower range of shape than those with eccentric orbits.
	[image: thumbnail]	Fig. 11 Comparison of binary systems to the general population of parent bodies of asteroid families. the trojan asteroid Hektor is scaled to approximate main-belt family size (original family size plotted in light yellow, and connected to the scaled size with a light yellow bar).



7.2 Binary–family relationship
It is often stated that a giant impact is required for the formation of a giant satellite (Hartmann & Davis 1975; Brož et al. 2022), and in the world of asteroids this should also require the formation of a giant family. However, families are conspicuously absent around many large binary systems. This has frequently (e.g., Vokrouhlický et al. 2010) been justified by the possibility of the families diffusing over time, with the assumption that they once existed and are no longer visible.
When examining the distribution of asteroid family sizes against the diameter of their parent bodies (Figure 11), it seems that the placement of binary systems is nonrandom. Two loglinear correlations can be seen. The first represents the “minimum” detectable size of a family for an asteroid of a given size. This may be an artifact of the methodology used to detect asteroid families (Dermott et al. 2018), or it may be a limit on the formation of asteroid families imposed by the parent body’s escape velocity, which is linearly correlated to the parent body’s diameter. The second log-linear correlation, parallel to this, represents binary systems with large families. All families around prototypical binary systems fall along the lower-limit line. All families around atypical binaries fall on the “large family” sequence, with the exception of (624) Hektor. Hektor is a Trojan, and its large heliocentric semi-major axis compared to the other Main-Belt binary systems considered here introduces an observational bias against the discovery and detection of Hektor family members. When scaling by a factor of 29 (approximated by comparing the size frequency distributions for objects D > 10 km of Hektor, Emma, Alauda, and Euphrosyne families), Hektor falls along the large family line. Notably, there are both atypical and proto-typical binaries that do not have known families. Only binary systems with primitive (C/P/B/D) compositions are shown in Fig. 11, to minimize influences of the asteroids’ composition on the kinematics. This includes the majority of our sample, as only (243) Ida and (22) Kalliope fall outside of this category. The Minerva family is not considered since (93) Minerva itself is a known interloper in that family, but it is possible that this family obfuscates a true family for Minerva (Mothé-Diniz et al. 2005).
	[image: thumbnail]	Fig. 12 Proper semi-major axis vs. size (1/D) for known asteroid families linked to binary formation. Each family is spaced at an artificial increment equivalent to 0.5 au for legibility.



7.3 A note about simultaneous binary and family formation
Historically, binary systems formed through impacts have been sorted into smashed target satellites (SMATSs) and escaping ejecta binaries (EEBs). The former represent a binary system where the system’s primary is the largest remaining fragment of a collisional family, and the latter where the two components are smaller fragments of the collisional family that became gravitationally bound post-impact. However, in the limit of a fully catastrophic collision without re-accumulation to a singular large body, these definitions become ambiguous. When there are several family members of approximately the same size as the largest member (see for example Koronis family in Figure 12), it seems inappropriate to proclaim a meaningful physical difference between the largest and nearly largest remnants of the family. We propose instead a slightly different division, imposing the additional criteria that SMATS must have a parent body which is substantially larger than the next-largest family member, for which we propose a factor of five in mass, approximately equivalent to a factor of 1.7 in diameter, assuming similar densities. This separates systems where there is a singular massive largest member which has either remained mostly intact or disrupted and re-accumulated from those formed through catastrophic collision more meaningfully.
	[image: thumbnail]	Fig. 13 Rotation period vs. satellite eccentricity for large binary systems.



7.4 Tidal dissipation
Marchis et al. (2008b) suggests that the rapid primary rotation associated with large binary systems may be capable of inducing eccentricity. By extension, this may imply that binary systems with faster-rotating primary bodies are likely to have more eccentric satellites. This is not globally observed, as all systems with satellites on circular orbits have primary rotation periods <6 h. However, among systems with eccentric satellites and rapidly rotating primary bodies this may explain the negative correlation between spin period and eccentricity observed in the left half of Fig. 13. Our mass ratio for the (283) Emma system places Emmoon slightly above the excitation limit presented in Figure 4 of Marchis et al. (2008b), which may explain why Emma does not follow this trend with its slow rotation period of 6.9 h. However, this assumes a consistent bulk density between Emma and Emmoon, which may not be the case. The other two eccentric systems with slower-rotating primaries, Hektor and Alauda, are not well enough understood for meaningful spin-orbit analysis.
Furthermore, the strong linear correlation of eccentricity seen in Fig. 10 indicates that the eccentric systems are not in random states of eccentricity evolution; more likely either they are in a stable end state, or all of the systems formed at the same time and have evolved at different speeds. The second possibility can be discarded as there are significantly different age estimates for the systems which also have families (290 ± 67 Myr for Emma vs. 1309 ± 312 Myr for Euphrosyne Milani et al. (2019)), and it is unlikely that a primordial satellite would survive a family forming impact. Instead, we consider the first possibility, specifically with regards to the tidal evolution of the eccentricity as described in Equation (5) (Goldreich 1963; Goldreich & Soter 1966):
[image: equation](5)
Here Qp/s is the tidal quality factor and kp/s is the tidal Love number for the primary and secondary components, respectively. Setting [image: equation], one finds that either
[image: equation](6)
or
[image: equation](7)
Expressed instead as a function of ρ(p/s), and considering the following approximation for the tidal Love number of a large rubble pile asteroid (Goldreich & Sari 2009)
[image: equation](8)
one finds
[image: equation](9)
which suggests that a plausible stable equilibrium point could be reached where [image: equation] and [image: equation]are ≈ 1, with either a slightly less dense primary than satellite, or a slightly larger quality factor for the satellite than for the primary. This could imply that the physical qualities of the systems’ components (rigidity, tidal quality factor) are critical to the long-term stability of an eccentric satellite. If one assumes Q to be constant between the components, it can be found that
[image: equation](10)
In itself, this does not explain the correlation between an objects shape and eccentricity, as this stability factor is independent of the satellites orbit, meaning that it would be impossible for the satellite to migrate into this favorable position through the tidal evolution of the eccentricity described in Equation (5), or through tidal evolution of the semi-major axis. It could be possible that all satellites originate on this distribution and then some tidally evolve to e = 0 on a rapid timescale in comparison to the age of the satellites, but then it is not clear what mechanism would cause all of these satellites to form with the ascribed eccentricities in the first place.
7.5 Comparison with numerical results
A recent study by Walsh et al. (2025) demonstrates through SPH and N-body simulations of asteroid impacts the possibility of producing the characteristic elongated shape and rapid rotation associated with large binary asteroid systems. Among the simulations reported in this work, we identify four (numbered 7, 16, 21, 23) that are fully consistent with the narrowly constrained “typical” binary population; defined as trials in which the resulting primary spin period is <6 h and the equatorial elongation is such that 0.67 < b/a < 0.80. The simulations end at 38 h post impact, so no dynamical information about fully formed satellites can be known, prohibiting us from selecting trials by e. There exist additional trials that meet the spin requirement but not the elongation requirement; including trials with both more and less elongated primaries. This may be influenced by the fact that some trials induced a fast (4 or 6 h) pre-impact rotation period. Three out of these four trials lose a significant amount of mass, suggesting that family formation is likely but not strictly necessary during the formation of such an object.
The results of these simulations are summarized in Fig. 14. A stark contrast can be observed between the elongated remnants (those with b/a < 0.80) and the relatively spherical remnants; all of the elongated remnants are both fast rotating and surrounded by a large quantity of satellite material (proxied here by “Number of stable satellites”, which indicates the number of particles in the simulation on an orbit that was not likely to lead to immediate accretion by the primary). This matches the observed population of binary systems very closely, and may indicate that the formation of an elongated asteroid and production of satellite material are fundamentally linked. In the case of a spherical remnant, cases with and without satellite material are both observed.
	[image: thumbnail]	Fig. 14 Simulation results from Walsh et al. (2025), presented as number of stable satellites vs. b/a. Potential analogs of the typical population are marked as diamonds.



7.6 A potential formation difference?
Rather than sampling different evolutionary stages of the same formation process, we propose that the two populations called typical and atypical binaries arise from two distinct formation pathways.
First, a population of moderately elongated, very fast rotating asteroids with one or more satellites on circular, mostly co-planar orbits was considered. These asteroids lack families, or have very small families if present. All identified triples belong to this category; however, this may be an observational bias because the majority of well-studied systems belong to this category. Second, there is a population of asteroids with moderately to heavily eccentric satellites, exhibiting a wide but predictable range of shapes, from nearly spherical ((31) Euphrosyne) to heavily elongated ((624) Hektor, (243) Ida). These systems tend to belong to large families, and are generally the largest remnants of these families. Among these systems, the size of the family may be correlated to the size of the parent asteroid, although the sample size is relatively small. The range of spin periods is wider, extending to over 8 hours. There is little correlation between a binary systems category and the size ratio of its components, or the normalized semi-major axis of the satellite (see for example the lack of correlation between e and a/Dp shown in Figure 15).
We hypothesize a potential explanation for the formation of these two differing populations; that they stem from formation through catastrophic (eccentric) and subcatastrophic (circular) impacts. Additional evidence for this is as follows.
An analysis of impact and re-accumulation satellite formation simulations by Durda et al. (2004) suggests that very similar satellites can be formed by both low-energy, subcatastrophic (largest remaining fragment equates to nearly the same size as the original parent body, generally as the result of a relatively low-energy impact) and significantly catastrophic (largest remaining fragment is substantially smaller than the original parent body). Both of these situations can result in large (Ds/Dp ≈ 0.10) and small (Ds/Dp ≈ 0.03) satellites. The significantly catastrophic impacts result in a larger number of family members than the subcatastrophic impacts, which in some cases generate very few family members. According to the Durda et al. simulations, the subcatastrophic formation scenario typically results from a small, high-speed impactor, whereas the catastrophic scenario occurs more frequently with larger, slower impactors.
For the systems formed through subcatastrophic impact, the rapid rotation is likely induced from the same impact that forms the satellite (Walsh et al. 2025). Restructuring to the interior of the primary body would be minimal, and the ultimate result of the impact would be closer to a major cratering event than total disruption and re-accretion.
For the systems formed through catastrophic impacts a high-energy, very catastrophic impact occurs, causing most of the mass of the original parent body to be ejected. Much of this ejecta then re-accumulates onto the parent body, and a small fraction forms the satellite. Remaining ejecta forms the asteroid’s family. There is a relationship between the diameter and elongation of the systems’ primaries, in that larger asteroids tend to be more spherical. This may be because the larger, more massive asteroids more efficiently re-accumulate material due to their higher masses. This has been previously demonstrated for (10) Hygiea (Vernazza et al. 2020). If the primary reaccu-mulates to a nonspherical shape, this could then influence the orbit of the satellite, causing it to settle on an eccentric orbit (it is also possible for the primary to settle into a spherical shape, see once again Hygiea). Ida is an end-member in this scenario, representing the case where a fully catastrophic impact occurs and there is no remnant representing the majority of the mass of the original parent body, but a collection of several similarly sized “large” fragments. In the case of the Koronis family, these fragments are D = 30–40 km family members such as Koronis, Ida, and Nassovia.
Several members of the catastrophic group have also been independently linked to a catastrophic impact, including (31) Euphrosyne (Yang et al. 2020b), (243) Ida (Durda et al. 2004), and (283) Emma (this work). It would be of significant interest to re-study collisional formation of binary asteroids using modern modeling techniques and considering the current observational knowledge of large binary asteroid systems; however, this is beyond the scope of this study. As discussed in Sect. 7.5, additional work on this subject has recently been published by Walsh et al. (2025), but only considering low-energy collisions where no catastrophic disruption occurs.
	[image: thumbnail]	Fig. 15 Semi-major axis vs. eccentricity for both populations of binary systems. The parameters seem to be independent.



8 Conclusions
Although binary asteroid systems (762) Pulcova and (283) Emma may appear very similar, detailed study of their orbital dynamics reveals key differences. For Pulcova, the circular, co-planar satellite geometry limits the possibility for internal structure studies, as well-fitting solutions can be identified across a wide range of J2 values. The possibility of a truly homogeneous internal structure is not excluded. Although a purely Keple-rian fit is mathematically feasible, it is not physically realistic. Alternatively, the (283) Emma system exhibits clear signs of precession, allowing for a precise identification of J2 = 0.11 ± 0.01, given a radius of R = 74.5 km or J2 = 0.13 given a radius of R = 67 km. Assuming the shape model to be accurate, this implies a significant heterogeneity in Emma’s internal structure, possibly indicative a catastrophic impact in the system’s history. Additionally, when expanding to consider the entire set of large binary asteroid systems, evidence for the presence of two distinct populations can be observed; one presenting a relationship between shape, satellite dynamics, and family formation; and the other a surprising amount of homogeneity between systems. This is potentially indicative of multiple satellite formation pathways.
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Appendix A  Supplementary analysis of shape models
A.1 (762) Pulcova
This section contains supplementary material regarding the shape model of asteroid (762) Pulcova. A topographic map of our shape model for (762) Pulcova can be found in Fig. A.5, and a comparison of this model with the stellar occultations used to scale the model can be found in Fig. A.1.
A.2 (283) Emma
A.2.1 Shape
To compare the orbital gravitational coefficients to the shape model, we decompose the gravitational field of Emma, assuming a homogeneous interior, using SHTOOLS11 (Wieczorek & Meschede 2018) to process the decomposition of topographical maps of the asteroid into spherical harmonics coefficients. The maps were determined from the shape models of the asteroid, as illustrated in Fig. A.2.
The spherical harmonics coefficients Cℓm associated with the gravitational field were determined as described in Eq. (A.1),
[image: equation](A.1)
and Yℓm(θ, ϕ) are the spherical harmonics, defined as
[image: equation](A.2)
where [image: equation] are the normalized associated Legendre polynomials. Because unnormalized coefficients are used,
[image: equation](A.3)
in the case where m is negative, Sℓm are defined as
[image: equation](A.4)
For example, S22 = C2–2. We use unnormalized coefficients for both the orbital solution and field determined from the shape model (i.e., as opposed to 4π or orthonormal normalizations frequently used in other fields of planetary science).
Although higher-order coefficients (e.g., up to ℓ > 10) can be estimated from the shape model, only quadrupole coefficients (at most) can realistically be determined from the gravitational field with the present dataset, and thus only the low-order terms realistically need to be considered. Falsely assuming static values for components of the gravitational field that do not match physical values may have adverse effects on the convergence of the orbit, and may bias results even more than neglecting the higher-order terms entirely.
Similarly, if the spin-pole of the primary body is incorrectly determined, even by a very small amount, it may have adverse effects on determining the orbital solution. In the first case, this is likely to lead to false determinations of the orbital geometry, overly circularizing the orbital path in order to minimize the visibility of the expected precession of the orbit. This also applies in the second case, and also higher-order gravitational terms will trend to zero, giving the impression of a falsely Keplerian orbital fit that is not representative of the true gravitational forces acting upon the satellite. Correctly identifying the primary spin-pole is nontrivial, as uncertainties on this value from shape models are much larger than necessary to adversely affect the orbit.
Table A.1 
Size estimates derived from different shape models of (283) Emma.

Noting the limitations of the Viikinkoski et al. (2017); Ďurech et al. (2010) model, we constructed a new shape model for Emma based on new and archival light curves, occultations, and AO images. We found limited utility from the AO images, and thus the sizing of the model was constrained primarily by the occultations. Unfortunately, the available occultation data is limited, with only two usable events and a low number of chords per event (both events match well to the model but do not constrain it effectively, see Fig. A.3. Thus, the size of the model is not particularly well constrained. When varying the rugosity of the model, we found solutions with sizes between Dp ≈ 125 km and Dp = 133 km. Comparing with independently calculated diameter estimates (e.g., thermal physical modeling, Marchis et al. 2012), we adopt the value of Dp = 133 ± 3 km, noting that the uncertainties are formal, and the nature of the solution leaves some ambiguity. These size estimates are summarized in Table A.1.
This model is primarily constrained by photometric light curves, and is therefore subject to some biases. In particular, light curve inversion models fail to accurately constrain the oblateness (that is, the extension of the model in the direction parallel to the spin-pole). Unfortunately, this can interfere significantly with attempts to analyze the internal structure of an object, as the lowest-order term (J2) is directly related to the object’s oblateness. Although topographical features of this model and the equatorial elongation are likely accurate, the current best-fit solution presents an oblateness which is incompatible with our orbital solution, as discussed in Sect. 5. This could not be resolved by internal structure modeling as very large under-dense regions are required to reconcile the physical and dynamical J2 values. Therefore, we return to the Viikinkoski et al. (2017) model. Future disk-resolved observations or stellar occultations could appropriately constrain the size and shape of this object. Opportunities for disk-resolved imaging are limited, as it is rarely possible to resolve the primary in near-infrared AO images with existing instruments, and Emma is rarely bright enough to be targeted with most visible wavelength AO cameras. Thus, we propose that stellar occultations are essential to future characterization of Emma’s shape. In Appendix D we present occultation predictions for Emma over the next several years, restricted to events with a high probability of success. We also include predictions for Pulcova, whose shape is subject to similar uncertainties.
A.2.2 Internal structure
Since the total mass of Emma must be conserved within the model, it is necessary to keep the density of the core low enough to maintain a plausible density for the outer layer. Reasonable models have core densities ranging from 1.2 and 4 g cm–3 for spherical cores ranging between 56 and 100 km in diameter (see Figure A.4). The corresponding crust densities are approximately 0.6 g cm3. This allows for an interior (core) layer consistent with the densities of other known C/P type asteroids (Carry 2012), surrounded by a very low-density outer shell. Although these models use spherical cores, similar results can be achieved with nonspherical differentiated layers.
	[image: thumbnail]	Fig. A.1 Shape model of (762) Pulcova developed by light curve inversion compared to stellar occultations from the literature. Occultations are sourced from Herald et al. (2024).



	[image: thumbnail]	Fig. A.2 Topographic maps of asteroid (283) Emma, before (upper panel) and after (lower panel) the subtraction of a tri-axial ellipsoid of the same dimensions. Clear elongation can be observed in the equatorial plane.



	[image: thumbnail]	Fig. A.3 Match of Emma’s shape model to occultation data. The model is a good fit, but the limited chords leave some ambiguity in the scaling of the model. The black lines represent a detected chord; the orange triangles represent the uncertainties on the start and stop time of the occultation.



	[image: thumbnail]	Fig. A.4 Potential internal structure solutions for (283) Emma, assuming a spherical core. A range of potential core densities 0.5-4 g cm–3 has been proposed, in line with the range of densities of observed rocky bodies in the Solar System. Upper panel: Residuals between the observed and modeled J2 values (see color bar at right). Darker colors correspond to a better fit. Lower panel: Corresponding crust densities for different cores. Not all solutions are physical. Scenarios with no core and smaller cores than pictured were also considered, but the residuals were unreal-istically high. A proposed reasonable solution corresponding to a core of similar density to known C- and P-type asteroids (1.5 g cm–3) is marked with a heart.



	[image: thumbnail]	Fig. A.5 Topographic map of Pulcova.




Appendix B  Photometrie light curves
Table B.1 
Date, duration (ℒ, in hours), number of points (𝒩p), phase angle (α), filter, residual (against the shape model), for each light curve.


Appendix C  Astrometric and photometric measurements of Pulcamoon and Emmoon
Here we report the astrometry and photometry measured for Pulcamoon (Table C.1) and Emmoon (Table C.2). Positions are relative to the photocenter of the primary. Since Pulcova and Emma are rarely resolved in these observations, the photocenter can be considered to be equivalent to the systems’ barycenter with negligible uncertainties.
Table C.1 
Astrometry of Pulcova’s satellite S/2000 (762) 1.

Table C.2 
Astrometry of Emma’s satellite S/2003 (283) 1, see Table C.1 for a description of columns.


Appendix D  Occultation predictions
The stellar occultation predictions presented in Table D.1 and Table D.2 were obtained with the SORA python package (Gomes-Junior et al. 2022) using JPL planetary and lunar ephemeris DE440 (Park et al. 2021).
Table D.1 
List of stellar occultation predictions for (283) Emma.

Table D.2 
List of stellar occultation predictions for (762) Pulcova (see Table D.1 for a description of columns).


Appendix E  Alternate orbital solution for (283) Emma
Table E.1 
Orbital elements of the satellite of Emma, expressed in EQJ2000, obtained with genoid (see Table 1 for a description of parameters).
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	[image: thumbnail]	Fig. 3 Expected gravitational force due to system gravity and external perturbers, as a function of satellite distance for Pulcova (upper panel) and Emma (lower panel). The shaded regions around planetary forces indicate the range of the force between the objects closest and farthest approach to the asteroid. At the positions of both Pulcamoon and Emmoon (marked with a dashed line), the contribution of external perturbers is negligible.
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	[image: thumbnail]	Fig. 8 Density distribution for C-type asteroids. The sample is limited to asteroids with uncertainties under 0.5 g/cm3. The parent bodies are (in order of increasing diameter) Tisiphone, Emma, Alauda, Themis, Euphrosyne, and Hygiea.
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	[image: thumbnail]	Fig. 9 Satellite-primary diameter ratio (Ds/Dp) vs. system equivalent diameter for known large (Dp > 100 km) binaries and higher-multiplicity systems. In the case where the system hosts more than one satellite, we consider here the outermost satellite. The double asteroids Antiope and Patroclus are excluded, as well as the strange asteroid Kleopatra, which likely formed its satellites through a different mechanism (Marchis et al. 2021).
In the text



	[image: thumbnail]	Fig. 10 Eccentricity of the (outer) satellite of each binary or multiple system against the elongation of the primary body in the plane orthogonal to the primary spin axis (b/a). The individual asteroids are as follows (from left to right): Eccentric series: (243) Ida, (624) Hektor, (283) Emma, (130) Elektra, (702) Alauda, (31) Euphrosyne, (93) Minerva; Circular series: (87) Sylvia, (121) Hermione, (22) Kalliope, (107) Camilla, (762) Pulcova, (45) Eugenia, (41) Daphne.
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	[image: thumbnail]	Fig. 11 Comparison of binary systems to the general population of parent bodies of asteroid families. the trojan asteroid Hektor is scaled to approximate main-belt family size (original family size plotted in light yellow, and connected to the scaled size with a light yellow bar).
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	[image: thumbnail]	Fig. 12 Proper semi-major axis vs. size (1/D) for known asteroid families linked to binary formation. Each family is spaced at an artificial increment equivalent to 0.5 au for legibility.
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	[image: thumbnail]	Fig. 14 Simulation results from Walsh et al. (2025), presented as number of stable satellites vs. b/a. Potential analogs of the typical population are marked as diamonds.
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	[image: thumbnail]	Fig. 15 Semi-major axis vs. eccentricity for both populations of binary systems. The parameters seem to be independent.
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	[image: thumbnail]	Fig. A.1 Shape model of (762) Pulcova developed by light curve inversion compared to stellar occultations from the literature. Occultations are sourced from Herald et al. (2024).
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	[image: thumbnail]	Fig. A.2 Topographic maps of asteroid (283) Emma, before (upper panel) and after (lower panel) the subtraction of a tri-axial ellipsoid of the same dimensions. Clear elongation can be observed in the equatorial plane.
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	[image: thumbnail]	Fig. A.3 Match of Emma’s shape model to occultation data. The model is a good fit, but the limited chords leave some ambiguity in the scaling of the model. The black lines represent a detected chord; the orange triangles represent the uncertainties on the start and stop time of the occultation.
In the text



	[image: thumbnail]	Fig. A.4 Potential internal structure solutions for (283) Emma, assuming a spherical core. A range of potential core densities 0.5-4 g cm–3 has been proposed, in line with the range of densities of observed rocky bodies in the Solar System. Upper panel: Residuals between the observed and modeled J2 values (see color bar at right). Darker colors correspond to a better fit. Lower panel: Corresponding crust densities for different cores. Not all solutions are physical. Scenarios with no core and smaller cores than pictured were also considered, but the residuals were unreal-istically high. A proposed reasonable solution corresponding to a core of similar density to known C- and P-type asteroids (1.5 g cm–3) is marked with a heart.
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      Fig. 1 
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        First (left) and most recent (right) images of (762) Pulcova and its Pulcamoon, before (top) and after (bottom) the application of a halo-subtraction algorithm.

      

    

  
    
      Fig. 2 
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        Residuals of spin pole solutions from light curve inversion for asteroid (762) Pulcova. The light regions correspond to lower χ2 values, and therefore better-fit solutions. The coordinates of the best-fit orbital pole are marked with a star.

      

    

  
    
      Fig. 3 
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        Expected gravitational force due to system gravity and external perturbers, as a function of satellite distance for Pulcova (upper panel) and Emma (lower panel). The shaded regions around planetary forces indicate the range of the force between the objects closest and farthest approach to the asteroid. At the positions of both Pulcamoon and Emmoon (marked with a dashed line), the contribution of external perturbers is negligible.

      

    

  
    
      Table 1 

      Orbital elements of the satellite of Pulcova, expressed in EQJ2000 (equatorial coordinates), obtained with genoid.

      
        


	
	S/2000 (762) 1





	Observing dataset
	



	Number of observations
	68



	Time span (days)
	7141



	RMS (mas)
	11.04


	



	Orbital elements EQJ2000
	



	P (days)
	4.14321
	±0.00038



	a (km)
	738.4
	±2.6



	e
	0.004
	[image: equation]



	i (°)
	144.7
	±5.8



	Ω (°)
	251.1
	±7.5



	ω (°)
	58.0
	±10.6



	tp (JD)
	2452841.14505
	±0.16817


	




	Derived parameters
	



	MPulcova (×1018 kg)
	1.865
	±0.019



	λp ,βp (°)
	195, –56
	±9, 5



	ap, δp (°)
	161, –55
	±7, 6



	Λ (°)
	0.6
	±0.1



	ρ (g cm–3)
	1.4
	±0.2





      

      
Notes. Reported parameters are as follows: orbital period P, semimajor axis a, eccentricity e, inclination i, longitude of the ascending node Ω, argument of pericenter ω, time of pericenter tp. The number of observations and RMS between the predicted and observed positions are also provided. Finally, we report the mass of Pulcova MPulcova, the ecliptic J2000 coordinates of the orbital pole (λp, βp), the equatorial J2000 coordinates of the orbital pole (αp, δp), the orbital inclination (Λ) with respect to the equator of Pulcova, and Pulcova’s bulk density (ρ). Uncertainties are given at 1σ.




    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        Residuals of Pulcamoon’s orbital solution in the x and y directions, scaled to 1 pixel residuals. The residuals follow a roughly Gaussian distribution with a standard deviation equivalent to the 1 pixel uncertainties. The dark red points correspond to older observations; the lavender points correspond to recent observations.

      

    

  
    
      Table 2 

      Orbital elements of the satellite of Emma (see Table 1 for a description of the parameters).

      
        


	
	S/2003 (283) 1





	Observing dataset
	



	Number of observations
	56



	Time span (days)
	3626



	RMS (mas)
	5.85


	




	Orbital elements EQJ2000
	



	P (days)
	3.41121
	±0.00024



	a (km)
	588.3
	±0.0



	e
	0.118
	±0.002



	i (°)
	94.2
	±2.5



	Ω (°)
	347.3
	±1.9



	ω (°)
	209.1
	±1.1



	tp (JD)
	2452835.14430
	±0.01320



	J2
	0.11
	±0.01


	




	Derived parameters
	



	MEmma (×1018 kg)
	1.398
	±0.001



	λp, βp (°)
	257, +18
	±2, 3



	αp, δp (°)
	257, –4
	±2, 3



	Λ (°)
	0.3
	±0.2



	ρ(g cm–3)
	0.9
	±0.3





      

    

  
    
      Fig. 5 
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        Residuals of Emmoon’s orbital solution in the x and y directions, scaled to 1 pixel residuals. The vast majority of points fall within the nominal one-pixel uncertainty level (innermost circle). The darker points correspond to older data and lighter points to newer data.

      

    

  
    
      Fig. 6 
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        Range of bulk density distribution for Pulcova.

      

    

  
    
      Fig. 7 
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        Range of bulk density distribution for Emma, with overall bulk density mapped in purple, and crust density in yellow. The same range of rock densities is considered for the composition of both the core and crust material.

      

    

  
    
      Fig. 8 
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        Density distribution for C-type asteroids. The sample is limited to asteroids with uncertainties under 0.5 g/cm3. The parent bodies are (in order of increasing diameter) Tisiphone, Emma, Alauda, Themis, Euphrosyne, and Hygiea.

      

    

  
    
      Fig. 9 

      
        [image: thumbnail]
      

      
        Satellite-primary diameter ratio (Ds/Dp) vs. system equivalent diameter for known large (Dp > 100 km) binaries and higher-multiplicity systems. In the case where the system hosts more than one satellite, we consider here the outermost satellite. The double asteroids Antiope and Patroclus are excluded, as well as the strange asteroid Kleopatra, which likely formed its satellites through a different mechanism (Marchis et al. 2021).

      

    

  
    
      Fig. 10 
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        Eccentricity of the (outer) satellite of each binary or multiple system against the elongation of the primary body in the plane orthogonal to the primary spin axis (b/a). The individual asteroids are as follows (from left to right): Eccentric series: (243) Ida, (624) Hektor, (283) Emma, (130) Elektra, (702) Alauda, (31) Euphrosyne, (93) Minerva; Circular series: (87) Sylvia, (121) Hermione, (22) Kalliope, (107) Camilla, (762) Pulcova, (45) Eugenia, (41) Daphne.

      

    

  
    
      Fig. 11 
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        Comparison of binary systems to the general population of parent bodies of asteroid families. the trojan asteroid Hektor is scaled to approximate main-belt family size (original family size plotted in light yellow, and connected to the scaled size with a light yellow bar).

      

    

  
    
      Fig. 12 
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        Proper semi-major axis vs. size (1/D) for known asteroid families linked to binary formation. Each family is spaced at an artificial increment equivalent to 0.5 au for legibility.

      

    

  
    
      Fig. 13 
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        Rotation period vs. satellite eccentricity for large binary systems.

      

    

  
    
      Fig. 14 
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        Simulation results from Walsh et al. (2025), presented as number of stable satellites vs. b/a. Potential analogs of the typical population are marked as diamonds.

      

    

  
    
      Fig. 15 
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        Semi-major axis vs. eccentricity for both populations of binary systems. The parameters seem to be independent.

      

    

  
    
      Table A.1 

      Size estimates derived from different shape models of (283) Emma.

      
        


	Model
	Diameter (km)





	Literature
	142±14



	High rugosity
	≈125



	Low rugosity
	133±3





      

    

  
    
      Fig. A.1 
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        Shape model of (762) Pulcova developed by light curve inversion compared to stellar occultations from the literature. Occultations are sourced from Herald et al. (2024).

      

    

  
    
      Fig. A.2 
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        Topographic maps of asteroid (283) Emma, before (upper panel) and after (lower panel) the subtraction of a tri-axial ellipsoid of the same dimensions. Clear elongation can be observed in the equatorial plane.

      

    

  
    
      Fig. A.3 

      
        [image: thumbnail]
      

      
        Match of Emma’s shape model to occultation data. The model is a good fit, but the limited chords leave some ambiguity in the scaling of the model. The black lines represent a detected chord; the orange triangles represent the uncertainties on the start and stop time of the occultation.

      

    

  
    
      Fig. A.4 

      
        [image: thumbnail]
      

      
        Potential internal structure solutions for (283) Emma, assuming a spherical core. A range of potential core densities 0.5-4 g cm–3 has been proposed, in line with the range of densities of observed rocky bodies in the Solar System. Upper panel: Residuals between the observed and modeled J2 values (see color bar at right). Darker colors correspond to a better fit. Lower panel: Corresponding crust densities for different cores. Not all solutions are physical. Scenarios with no core and smaller cores than pictured were also considered, but the residuals were unreal-istically high. A proposed reasonable solution corresponding to a core of similar density to known C- and P-type asteroids (1.5 g cm–3) is marked with a heart.

      

    

  
    
      Fig. A.5 

      
        [image: thumbnail]
      

      
        Topographic map of Pulcova.

      

    

  
    
      Table B.1 

      Date, duration (ℒ, in hours), number of points (𝒩p), phase angle (α), filter, residual (against the shape model), for each light curve.

      
        


	Date
	ℒ
	𝒩p
	α
	RMS



	
	(h)
	
	(°)
	(mag)





	2006-02-17
	1.9
	52
	14.5
	0.010



	2006-03-09
	3.1
	88
	9.3
	0.026



	2006-03-12
	2.7
	71
	8.5
	0.013



	2006-03-26
	2.1
	60
	5.9
	0.026



	2006-03-27
	4.4
	112
	5.8
	0.028



	2008-08-30
	3.5
	50
	3.5
	0.011



	2008-10-08
	4.5
	69
	13.3
	0.031



	2008-10-15
	3.3
	37
	14.5
	0.028



	2008-11-02
	0.6
	7
	16.3
	0.004



	2008-11-05
	3.3
	62
	16.5
	0.019



	2009-11-29
	1.9
	152
	10.9
	0.018



	2009-12-12
	5.0
	378
	13.9
	0.028



	2009-12-17
	3.0
	224
	14.9
	0.033



	2020-07-19
	1.7
	68
	17.8
	0.011



	2020-07-26
	1.6
	63
	17.7
	0.010



	2020-07-29
	1.8
	57
	17.6
	0.018



	2020-07-31
	2.8
	26
	17.5
	0.010



	2020-07-31
	1.4
	24
	17.5
	0.005



	2020-08-05
	3.1
	46
	17.3
	0.010



	2020-08-06
	3.3
	53
	17.2
	0.011



	2020-08-08
	3.2
	128
	17.0
	0.020



	2020-08-12
	2.7
	94
	16.6
	0.016



	2020-08-17
	3.6
	135
	16.1
	0.009



	2020-08-18
	2.9
	102
	16.0
	0.013



	2020-08-19
	4.6
	171
	15.9
	0.010



	2020-08-20
	4.0
	140
	15.7
	0.013



	2020-08-24
	5.5
	207
	15.2
	0.013



	2020-08-25
	1.5
	52
	15.0
	0.021



	2020-08-31
	1.5
	59
	14.0
	0.014



	2020-09-01
	6.2
	267
	13.8
	0.015



	2020-09-02
	5.8
	265
	13.6
	0.020



	2020-09-03
	4.9
	256
	13.4
	0.025



	2020-09-12
	5.6
	245
	11.6
	0.016



	2020-09-13
	1.7
	77
	11.3
	0.008



	2020-09-14
	4.2
	162
	11.1
	0.006



	2020-09-19
	4.3
	183
	10.0
	0.020



	2020-09-20
	2.9
	119
	9.7
	0.010



	2020-09-25
	2.5
	104
	8.5
	0.018



	2020-09-26
	3.3
	132
	8.3
	0.012



	2020-09-28
	2.8
	104
	7.8
	0.008



	2023-02-16
	2.0
	99
	17.8
	0.022



	2023-02-17
	5.9
	272
	17.6
	0.020



	2023-04-21
	7.8
	145
	6.6
	0.022



	2023-04-22
	8.7
	247
	6.7
	0.023



	2023-04-23
	1.4
	47
	6.8
	0.008





      

    

  
    
      Table C.1 

      Astrometry of Pulcova’s satellite S/2000 (762) 1.

      
        


	Date
	UTC
	Tel.
	Cam.
	Filter
	Xo
	Yo
	Xo–c
	Yo–c
	σ
	ΔM
	δM



	
	
	
	
	
	(mas)
	(mas)
	(mas)
	(mas)
	(mas)
	(mag)
	(mag)





	2000-02-22
	10:16:57.26
	CFHT
	PUEO
	Kp
	563.6
	−60.7
	68.3
	11.7
	35.0
	5.5
	0.4



	2000-02-22
	10:41:38.92
	CFHT
	PUEO
	H
	533.7
	−82.6
	33.6
	−17.7
	35.0
	5.7
	0.2



	2000-02-22
	11:09:44.65
	CFHT
	PUEO
	H
	537.3
	−74.8
	32.1
	−18.6
	35.0
	5.7
	0.3



	2000-02-22
	11:36:51.89
	CFHT
	PUEO
	J
	541.4
	−79.5
	31.7
	−31.7
	35.0
	5.5
	0.8



	2000-02-23
	06:59:14.60
	CFHT
	PUEO
	H
	354.5
	256.3
	41.1
	−4.4
	35.0
	5.0
	0.5



	2000-02-23
	07:05:41.06
	CFHT
	PUEO
	J
	350.0
	259.0
	39.5
	−2.6
	35.0
	4.7
	1.1



	2000-02-23
	07:09:24.54
	CFHT
	PUEO
	J
	348.6
	261.9
	39.8
	−0.3
	35.0
	4.8
	1.1



	2000-02-23
	07:16:34.03
	CFHT
	PUEO
	Kp
	334.9
	260.9
	29.4
	−2.3
	35.0
	5.0
	0.2



	2000-02-23
	07:20:29.00
	CFHT
	PUEO
	Kp
	333.3
	262.1
	29.6
	−1.7
	35.0
	4.9
	0.3



	2000-02-23
	07:24:50.44
	CFHT
	PUEO
	IR
	332.1
	262.7
	30.4
	−1.7
	35.0
	5.4
	0.2



	2000-02-23
	07:29:24.51
	CFHT
	PUEO
	IR
	337.6
	262.6
	38.0
	−2.5
	35.0
	5.0
	0.7



	2000-02-23
	07:41:48.00
	CFHT
	PUEO
	H2
	333.8
	264.8
	40.0
	−2.0
	35.0
	5.4
	0.3



	2000-02-23
	07:44:47.37
	CFHT
	PUEO
	H
	281.1
	276.0
	−11.3
	8.8
	35.0
	5.2
	0.2



	2000-02-23
	08:02:30.00
	CFHT
	PUEO
	Jc
	333.2
	262.1
	49.2
	−7.5
	35.0
	4.9
	1.1



	2002-09-27
	07:51:10.15
	Keck II
	NIRC2
	Kp
	302.1
	−81.1
	21.8
	0.4
	10.0
	5.3
	0.1



	2003-07-14
	14:11:03.34
	Keck II
	NIRC2
	H
	−227.7
	−209.6
	−5.5
	−0.6
	10.0
	5.1
	0.6



	2003-08-10
	15:01:24.87
	Keck II
	NIRC2
	Kp
	325.9
	185.5
	8.8
	−2.5
	10.0
	5.0
	0.1



	2003-08-10
	15:04:56.89
	Keck II
	NIRC2
	Kp
	324.9
	182.6
	7.2
	−4.5
	10.0
	5.0
	0.0



	2003-08-14
	12:10:45.05
	Keck II
	NIRC2
	H
	242.9
	274.4
	3.3
	11.8
	10.0
	5.8
	0.1



	2003-08-14
	13:12:09.16
	Keck II
	NIRC2
	H
	287.3
	248.7
	30.6
	−4.2
	10.0
	5.7
	0.1



	2003-08-17
	14:32:00.46
	Keck II
	NIRC2
	Kp
	−284.8
	142.8
	−11.8
	−8.3
	10.0
	5.1
	0.1



	2003-08-18
	14:00:41.12
	Keck II
	NIRC2
	Kp
	222.5
	280.0
	2.3
	0.8
	10.0
	5.3
	0.2



	2003-08-18
	14:01:46.28
	Keck II
	NIRC2
	Kp
	223.6
	281.4
	3.0
	2.3
	10.0
	5.2
	0.0



	2003-08-18
	15:29:17.68
	Keck II
	NIRC2
	Kp
	231.3
	249.3
	−15.6
	−17.1
	10.0
	4.9
	0.3



	2004-10-30
	14:37:44.88
	Gem-N
	NIRI
	Kp
	−364.4
	-236.8
	−9.2
	−14.6
	21.9
	4.9
	0.3



	2004-11-02
	12:06:44.30
	Gem-N
	NIRI
	Kp
	224.3
	14.4
	8.6
	−6.7
	21.9
	4.8
	0.5



	2004-11-03
	13:45:17.53
	Gem-N
	NIRI
	Kp
	−338.6
	−241.2
	−15.4
	−10.3
	21.9
	4.6
	0.2



	2004-11-05
	14:26:03.90
	Gem-N
	NIRI
	Kp
	326.3
	246.7
	9.4
	15.6
	21.9
	4.4
	0.0



	2006-03-18
	12:35:45.87
	Gem-N
	NIRI
	Kp
	−204.7
	−347.5
	−10.8
	−7.2
	21.9
	4.9
	0.3



	2006-03-18
	12:43:50.10
	Gem-N
	NIRI
	Kp
	−195.5
	−344.5
	−5.4
	−2.4
	21.9
	4.6
	0.0



	2006-03-18
	12:48:05.20
	Gem-N
	NIRI
	Kp
	−193.7
	−347.9
	−5.6
	−4.8
	21.9
	4.8
	0.1



	2006-04-28
	08:26:40.73
	Gem-N
	NIRI
	Kp
	−450.1
	−83.2
	−10.6
	0.9
	21.9
	4.7
	0.0



	2006-04-28
	08:31:36.40
	Gem-N
	NIRI
	Kp
	−451.8
	−83.5
	−13.2
	2.5
	21.9
	4.3
	0.0



	2006-05-16
	06:04:56.40
	Gem-N
	NIRI
	Kp
	334.8
	−246.9
	5.8
	3.8
	21.9
	5.3
	0.6



	2006-05-18
	07:17:31.00
	Gem-N
	NIRI
	Kp
	−334.1
	265.8
	−7.8
	18.6
	21.9
	5.1
	0.1



	2006-06-23
	06:00:02.53
	Gem-N
	NIRI
	Kp
	304.0
	136.8
	18.1
	17.7
	21.9
	5.4
	0.2



	2006-06-23
	06:18:51.70
	Gem-N
	NIRI
	Kp
	298.1
	135.8
	16.4
	11.8
	21.9
	5.5
	0.3



	2007-07-26
	04:30:42.27
	ESO/VLT
	NACO
	Ks
	−80.1
	−132.6
	−7.5
	−19.2
	13.3
	7.0
	0.6



	2007-07-27
	02:53:10.53
	ESO/VLT
	NACO
	H
	311.6
	−261.0
	10.9
	−7.3
	13.3
	4.9
	0.0



	2009-09-02
	13:45:51.49
	Keck II
	NIRC2
	H
	−263.4
	−281.5
	−6.8
	−7.7
	10.0
	4.6
	0.0



	2009-09-02
	13:50:27.59
	Keck II
	NIRC2
	J
	−264.4
	−282.1
	−6.8
	−9.1
	10.0
	4.6
	0.0



	2009-09-02
	13:53:23.28
	Keck II
	NIRC2
	FeII
	−264.3
	−273.4
	−6.1
	−0.9
	10.0
	4.8
	0.1



	2009-09-02
	13:55:31.40
	Keck II
	NIRC2
	FeII
	−265.8
	−277.7
	−7.1
	−5.6
	10.0
	4.8
	0.0



	2009-09-02
	14:20:44.71
	Keck II
	NIRC2
	J
	−259.2
	−262.7
	4.9
	4.8
	10.0
	4.5
	0.4



	2009-10-01
	14:18:23.50
	Keck II
	NIRC2
	Kp
	−334.0
	−288.0
	−7.8
	−11.3
	10.0
	4.7
	0.0



	2009-11-24
	04:52:40.75
	Gem-N
	NIRI
	Kp
	−289.1
	−360.4
	−11.2
	−18.1
	21.9
	4.4
	0.0



	2009-11-25
	05:36:00.71
	Gem-N
	NIRI
	Kp
	−318.1
	191.6
	−10.7
	7.5
	21.9
	4.5
	0.0



	2010-03-02
	05:13:40.74
	Gem-N
	NIRI
	Kp
	164.0
	−76.7
	−10.0
	29.4
	21.9
	4.5
	1.0



	2010-09-30
	15:10:34.20
	Gem-N
	NIRI
	Kp
	210.8
	61.8
	29.6
	19.7
	21.9
	1.3
	0.0



	2010-09-30
	15:15:40.08
	Gem-N
	NIRI
	Kp
	213.0
	76.3
	30.5
	33.7
	21.9
	−4.7
	0.0



	2010-10-09
	15:19:07.45
	Gem-N
	NIRI
	Kp
	314.4
	115.1
	8.2
	3.1
	21.9
	4.7
	0.0



	2010-10-09
	15:21:43.45
	Gem-N
	NIRI
	Kp
	311.7
	113.7
	5.8
	1.7
	21.9
	4.5
	0.0



	2010-10-09
	15:26:12.33
	Gem-N
	NIRI
	Kp
	315.0
	115.6
	9.4
	3.5
	21.9
	4.6
	0.1



	2011-02-12
	08:10:55.80
	Gem-N
	NIRI
	Kp
	−519.5
	−142.2
	−13.2
	5.0
	21.9
	5.1
	0.1



	2011-02-12
	08:15:41.55
	Gem-N
	NIRI
	Kp
	−527.8
	−159.5
	−21.2
	−11.5
	21.9
	4.8
	0.1



	2011-04-15
	05:49:37.20
	Gem-N
	NIRI
	Kp
	−367.1
	−98.1
	6.2
	4.9
	21.9
	4.5
	0.1



	2011-04-15
	05:52:32.20
	Gem-N
	NIRI
	Kp
	−375.8
	−114.0
	−2.2
	−10.6
	21.9
	4.8
	0.3



	2011-04-15
	05:57:24.40
	Gem-N
	NIRI
	Kp
	−380.0
	−117.5
	−6.0
	−13.4
	21.9
	4.8
	0.3



	2011-04-18
	05:19:16.70
	Gem-N
	NIRI
	Kp
	136.4
	168.2
	−8.1
	20.8
	21.9
	4.2
	0.4



	2011-04-18
	05:23:35.58
	Gem-N
	NIRI
	Kp
	130.5
	171.7
	−12.4
	24.7
	21.9
	5.0
	0.0



	2012-05-01
	05:54:05.80
	ESO/VLT
	NACO
	Ks
	140.8
	343.6
	−1.5
	18.9
	13.3
	4.8
	0.1



	2013-06-03
	09:29:42.28
	ESO/VLT
	NACO
	Ks
	280.4
	−82.1
	5.8
	−0.5
	13.3
	5.1
	0.0



	2013-06-04
	08:48:34.43
	ESO/VLT
	NACO
	Ks
	261.4
	−110.1
	2.2
	−1.1
	13.3
	4.9
	0.2



	2013-06-05
	09:46:59.86
	ESO/VLT
	NACO
	Ks
	−257.9
	58.3
	−7.2
	−13.8
	13.3
	5.5
	0.1



	2013-08-26
	08:00:27.36
	Keck II
	NIRC2
	Kp
	155.3
	−72.0
	1.8
	1.5
	10.0
	5.2
	0.1



	2013-08-26
	08:03:35.80
	Keck II
	NIRC2
	H
	149.9
	−76.4
	−2.6
	−3.4
	10.0
	5.3
	0.8



	2013-08-26
	08:08:27.03
	Keck II
	NIRC2
	Kp
	160.1
	−78.3
	9.1
	−6.1
	10.0
	5.0
	0.5



	2019-09-11
	06:48:18.14
	Keck II
	NIRC2
	H
	−134.6
	152.3
	−11.1
	5.5
	10.0
	5.2
	0.2





      

      
Date, mid-observing time (UTC), telescope, camera, filter, astrometry (X is aligned with Right Ascension, and Y with Declination, and o and c indices stand for observed and computed positions), and photometry (magnitude difference ΔM with uncertainty δM).




    

  
    
      Table C.2 

      Astrometry of Emma’s satellite S/2003 (283) 1, see Table C.1 for a description of columns.

      
        


	Date
	UTC
	Tel.
	Cam.
	Filter
	Xo
	Yo
	Xo–c
	Yo–c
	σ
	ΔM
	δM



	
	
	
	
	(mas)
	(mas)
	(mas)
	(mas)
	(mas)
	(mag)
	(mag)
	





	2003-07-14
	13:27:33.79
	Keck II
	NIRC2
	Kp
	−162.2
	−204.6
	2.8
	−1.3
	5.0
	5.4
	0.1



	2003-07-14
	13:43:51.23
	Keck II
	NIRC2
	H
	−162.4
	−213.2
	0.4
	−0.5
	5.0
	5.0
	0.1



	2003-07-14
	14:22:52.32
	Keck II
	NIRC2
	H
	−156.1
	−237.8
	1.0
	−3.0
	5.0
	5.2
	0.1



	2003-07-15
	06:55:23.68
	ESO/VLT
	NACO
	H
	94.2
	−386.4
	−0.3
	−0.5
	27.1
	4.5
	0.1



	2003-07-15
	07:13:30.66
	ESO/VLT
	NACO
	H
	99.4
	−384.5
	0.3
	−3.6
	27.1
	4.7
	0.1



	2003-07-15
	07:17:01.87
	ESO/VLT
	NACO
	Ks
	99.0
	−382.9
	−1.0
	−3.0
	27.1
	4.5
	0.0



	2003-07-15
	07:20:20.00
	ESO/VLT
	NACO
	J
	100.4
	−383.4
	−0.4
	−4.4
	27.1
	4.6
	0.1



	2003-07-15
	10:18:18.05
	ESO/VLT
	NACO
	H
	151.6
	−323.2
	9.1
	−5.4
	27.1
	5.7
	0.6



	2003-07-16
	10:27:24.63
	ESO/VLT
	NACO
	Ks
	168.1
	374.8
	4.7
	−24.1
	27.1
	4.9
	0.5



	2003-08-10
	11:15:37.42
	Keck II
	NIRC2
	H
	−235.0
	−27.0
	−0.4
	0.1
	5.0
	4.8
	0.1



	2003-08-10
	11:21:37.99
	Keck II
	NIRC2
	H
	−232.5
	−32.2
	2.0
	−0.9
	5.0
	5.0
	0.1



	2003-08-14
	09:56:33.69
	Keck II
	NIRC2
	H
	−69.6
	−423.1
	3.6
	9.6
	5.0
	5.3
	0.0



	2003-08-14
	10:01:07.46
	Keck II
	NIRC2
	H
	−64.6
	−427.1
	7.0
	6.4
	5.0
	5.0
	0.1



	2003-08-14
	12:02:42.55
	Keck II
	NIRC2
	H
	−22.7
	−440.1
	5.1
	8.5
	5.0
	4.9
	0.0



	2003-08-15
	08:43:56.41
	Keck II
	NIRC2
	Kp
	285.4
	25.8
	3.0
	0.4
	5.0
	5.0
	0.0



	2003-08-15
	08:46:06.17
	Keck II
	NIRC2
	Kp
	287.6
	25.9
	5.1
	−0.8
	5.0
	5.2
	0.1



	2003-08-16
	08:50:51.79
	Keck II
	NIRC2
	Kp
	31.8
	521.2
	6.2
	−13.6
	5.0
	5.1
	0.1



	2003-08-16
	08:54:09.34
	Keck II
	NIRC2
	Kp
	27.8
	527.3
	3.2
	−7.3
	5.0
	5.3
	0.1



	2003-08-17
	11:25:49.17
	Keck II
	NIRC2
	Kp
	−205.7
	−242.8
	3.7
	−0.2
	5.0
	5.3
	0.3



	2003-08-17
	11:29:47.37
	Keck II
	NIRC2
	Kp
	−207.6
	−246.9
	1.0
	−2.0
	5.0
	4.8
	1.2



	2003-08-18
	11:16:21.70
	Keck II
	NIRC2
	Kp
	235.2
	−208.1
	−1.1
	−1.2
	5.0
	5.0
	0.2



	2003-08-18
	11:19:44.20
	Keck II
	NIRC2
	Kp
	237.3
	−205.8
	0.3
	−0.7
	5.0
	5.2
	0.0



	2004-10-30
	12:16:14.56
	Gem-N
	NIRI
	Kp
	449.9
	−13.7
	−9.5
	3.4
	10.9
	4.9
	0.0



	2004-10-30
	12:20:25.00
	Gem-N
	NIRI
	Kp
	451.2
	−22.5
	−8.0
	−3.7
	10.9
	4.7
	0.1



	2004-10-30
	15:23:38.50
	Gem-N
	NIRI
	Kp
	432.3
	−98.0
	−8.4
	−3.8
	10.9
	5.4
	0.1



	2004-11-02
	15:20:25.30
	Gem-N
	NIRI
	Kp
	432.6
	135.1
	−11.4
	−1.6
	10.9
	4.9
	0.0



	2004-11-05
	10:30:54.30
	Gem-N
	NIRI
	Kp
	143.2
	372.0
	−7.5
	2.4
	10.9
	4.4
	0.2



	2004-11-14
	06:31:27.98
	ESO/VLT
	NACO
	Ks
	−251.1
	−265.0
	4.4
	−0.6
	6.6
	4.7
	0.0



	2004-11-15
	05:42:44.13
	ESO/VLT
	NACO
	Ks
	−126.1
	350.0
	−4.2
	−2.2
	6.6
	4.9
	0.2



	2004-11-16
	04:58:43.32
	ESO/VLT
	NACO
	Ks
	456.2
	133.5
	−10.3
	0.5
	6.6
	5.3
	0.0



	2004-11-16
	05:56:33.99
	ESO/VLT
	NACO
	Ks
	463.1
	109.0
	−10.7
	0.0
	6.6
	4.8
	0.0



	2004-11-17
	05:08:26.55
	ESO/VLT
	NACO
	Ks
	93.9
	−359.5
	−0.5
	0.7
	6.6
	4.8
	0.1



	2004-11-18
	06:19:14.29
	ESO/VLT
	NACO
	Ks
	−339.9
	162.3
	3.1
	−2.3
	6.6
	5.2
	0.1



	2004-12-07
	03:38:52.48
	ESO/VLT
	NACO
	Ks
	352.6
	−235.6
	−5.5
	−1.7
	6.6
	5.1
	0.0



	2004-12-07
	03:55:46.41
	ESO/VLT
	NACO
	H
	346.9
	−243.9
	−4.9
	−4.1
	6.6
	5.1
	0.0



	2004-12-07
	04:11:37.00
	ESO/VLT
	NACO
	J
	343.6
	−248.1
	−2.2
	−2.8
	6.6
	5.2
	0.1



	2004-12-08
	04:17:32.34
	ESO/VLT
	NACO
	Ks
	−342.7
	−163.5
	9.0
	2.8
	6.6
	5.1
	0.1



	2004-12-10
	05:46:42.04
	ESO/VLT
	NACO
	Ks
	458.1
	−61.4
	−6.3
	−3.4
	6.6
	4.9
	0.1



	2004-12-14
	03:55:27.72
	ESO/VLT
	NACO
	Ks
	205.3
	−333.3
	3.4
	−3.4
	6.6
	5.1
	0.1



	2004-12-14
	04:12:40.24
	ESO/VLT
	NACO
	H
	192.7
	−332.4
	−0.6
	1.1
	6.6
	5.2
	0.0



	2004-12-14
	04:32:17.00
	ESO/VLT
	NACO
	J
	183.1
	−330.9
	−0.2
	6.6
	6.6
	5.8
	0.2



	2004-12-19
	03:29:18.70
	ESO/VLT
	NACO
	Ks
	−83.8
	345.1
	2.0
	−6.6
	6.6
	4.9
	0.1



	2004-12-20
	01:42:23.80
	ESO/VLT
	NACO
	Ks
	441.4
	147.3
	−9.3
	−1.7
	6.6
	5.1
	0.0



	2004-12-20
	04:33:50.87
	ESO/VLT
	NACO
	Ks
	457.2
	76.5
	−7.4
	−1.0
	6.6
	4.9
	0.0



	2004-12-28
	02:44:40.39
	ESO/VLT
	NACO
	Ks
	−101.8
	−346.4
	6.2
	0.9
	6.6
	4.8
	0.1



	2004-12-28
	04:52:34.74
	ESO/VLT
	NACO
	Ks
	−162.6
	−323.1
	8.0
	1.4
	6.6
	5.0
	0.1



	2006-06-07
	05:58:15.80
	Gem-N
	NIRI
	Kp
	−4.2
	202.1
	15.8
	−2.2
	10.9
	4.5
	0.9



	2009-11-24
	06:06:17.75
	Gem-N
	NIRI
	Kp
	−297.5
	33.0
	−5.2
	−5.1
	10.9
	4.8
	0.0



	2009-11-25
	05:28:36.52
	Gem-N
	NIRI
	Kp
	189.5
	335.3
	4.9
	−3.5
	10.9
	4.5
	0.0



	2010-09-30
	14:55:08.20
	Gem-N
	NIRI
	Kp
	−68.0
	−208.5
	−21.9
	−18.0
	10.9
	−2.1
	0.0



	2010-10-13
	14:35:29.70
	Gem-N
	NIRI
	Kp
	113.6
	−164.7
	5.3
	−5.1
	10.9
	6.6
	1.6



	2010-10-21
	15:35:12.15
	Gem-N
	NIRI
	Kp
	−164.4
	91.8
	−7.1
	18.8
	10.9
	100.0
	0.0



	2013-06-15
	05:10:30.83
	ESO/VLT
	NACO
	Ks
	−5.9
	−370.5
	0.8
	8.7
	6.6
	6.4
	0.2



	2013-06-15
	05:57:23.71
	ESO/VLT
	NACO
	Ks
	20.1
	−376.6
	4.6
	5.5
	6.6
	7.3
	0.2



	2013-06-15
	07:07:05.40
	ESO/VLT
	NACO
	Ks
	41.5
	−382.6
	−6.8
	1.7
	6.6
	5.9
	0.4



	2013-06-17
	04:59:48.19
	ESO/VLT
	NACO
	H
	−77.7
	312.4
	2.6
	−5.0
	6.6
	4.9
	0.3



	2013-06-17
	06:26:58.65
	ESO/VLT
	NACO
	H
	−126.6
	297.9
	−0.4
	−7.1
	6.6
	5.0
	0.2





      

    

  
    
      Table D.1 

      List of stellar occultation predictions for (283) Emma.

      
        


	Epoch UTC
	ICRS Star Coord at Epoch
	C/A
	P/A
	Vel
	Dist
	G



	yyyy-mm-dd hh:mm:ss
	h m s ° ′ ″
	′ ″
	°
	km s–1
	AU
	mag





	2025-08-15 19:26:34.520
	02 34 51.35569 +24 39 25.00063
	2.085
	144.73
	13.53
	2.283
	15.495



	2025-10-08 12:06:10.860
	02 37 41.14978 +28 05 08.21590
	1.809
	358.49
	−7.55
	1.774
	13.496



	2025-10-24 22:34:21.760
	02 24 53.85482 +27 35 11.49668
	1.972
	343.77
	−10.46
	1.717
	13.636



	2025-11-01 03:50:15.260
	02 18 31.35750 +27 06 24.81280
	2.995
	338.9
	−10.9
	1.714
	14.036



	2025-12-12 14:46:27.460
	01 55 26.85157 +23 17 09.95675
	3.129
	100.64
	−4.63
	1.959
	12.204



	2025-12-14 13:35:41.100
	01 55 22.59585 +23 08 23.39293
	2.886
	91.83
	−4.37
	1.98
	14.898



	2027-01-03 03:20:55.820
	09 02 15.36344 +16 49 37.16820
	1.808
	4.9
	−11.01
	2.367
	13.981



	2027-01-27 16:43:17.240
	08 42 30.65272 +17 20 52.71581
	2.679
	186.56
	−14.84
	2.294
	15.785



	2027-02-26 01:40:19.860
	08 19 41.00071 +17 52 01.98768
	1.84
	3.11
	−9.88
	2.442
	15.033



	2028-03-16 11:54:21.420
	12 30 13.81997 -14 02 04.13225
	1.757
	194.43
	−14.04
	2.538
	14.338



	2028-06-05 10:00:38.480
	11 56 46.83882 -09 19 11.22410
	0.729
	169.88
	5.61
	3.018
	14.441



	2029-04-03 07:21:10.200
	17 26 08.48697 -31 13 14.49667
	0.287
	22.87
	6.28
	2.7
	15.233



	2029-04-04 10:09:47.820
	17 26 29.80911 -31 15 16.00401
	2.48
	24.26
	5.83
	2.684
	15.797



	2029-04-13 08:33:23.600
	17 28 17.33700 -31 30 04.90703
	0.513
	52.71
	2.5
	2.558
	14.983



	2029-05-09 16:17:00.660
	17 21 59.38875 -31 55 43.16345
	0.329
	358.45
	−8.13
	2.254
	15.219



	2029-05-27 04:17:17.720
	17 09 10.18469 -31 45 26.34116
	0.693
	7.45
	−11.98
	2.131
	14.837



	2029-06-12 23:30:02.300
	16 53 45.78689 -31 06 44.64872
	4.067
	14.77
	−12.86
	2.09
	15.757





      

      
The table contains the date and instant of the closest approach (UTC), the ICRS (J2000) star coordinates at occultation, the closest apparent distance between the star and the target (C/A), the position angle of the shadow across the Earth (P/A) (counterclockwise, zero at south), the velocity in km/s, the distance (D) to the Earth (AU), and the Gaia average magnitude (G).




    

  
    
      Table D.2 

      List of stellar occultation predictions for (762) Pulcova (see Table D.1 for a description of columns).

      
        


	Epoch UTC
	ICRS Star Coord at Epoch
	C/A
	P/A
	Vel
	Dist
	G



	yyyy-mm-dd hh:mm:ss
	h m s ° ′ ″
	′ ″
	°
	km s–1
	AU
	mag





	2025-08-26 07:46:57.460
	22 41 15.23344 +03 05 49.41220
	1.89
	352.01
	−14.53
	2.461
	11.17



	2025-08-28 20:21:42.620
	22 39 17.17723 +03 01 23.62798
	2.719
	350.96
	−14.69
	2.455
	15.836



	2026-09-18 04:21:17.200
	03 36 28.45370 +35 36 05.24633
	0.378
	110.43
	6.65
	2.583
	15.92



	2026-10-03 02:54:51.100
	03 35 48.94628 +36 37 41.14428
	0.157
	49.18
	−5.35
	2.401
	13.574



	2026-10-04 06:26:35.160
	03 35 31.47424 +36 41 28.02676
	1.746
	224.55
	−5.5
	2.388
	14.999



	2026-10-20 11:25:09.140
	03 27 44.30484 +37 14 26.07831
	0.43
	5.03
	−9.1
	2.232
	15.323



	2026-10-22 08:43:00.100
	03 26 25.55525 +37 15 27.25459
	0.291
	2.45
	−9.54
	2.217
	15.732



	2026-10-31 04:40:25.420
	03 19 23.84902 +37 11 12.79817
	3.5
	172.49
	−11.36
	2.16
	14.287



	2026-11-05 22:10:08.060
	03 14 14.49107 +36 59 57.67113
	0.56
	347.14
	−12.25
	2.133
	14.056



	2026-11-20 00:57:03.040
	03 00 55.36704 +36 04 46.02633
	0.466
	335.15
	−13.04
	2.106
	15.049



	2026-12-04 22:17:00.360
	02 48 41.63083 +34 33 43.73080
	0.415
	321.36
	−11.75
	2.138
	15.059



	2026-12-14 01:52:26.520
	02 43 21.48768 +33 29 49.05517
	1.504
	309.79
	−10.1
	2.186
	15.753



	2027-01-03 12:23:28.960
	02 39 25.49566 +31 15 21.39431
	0.654
	79.21
	7.01
	2.359
	15.973



	2027-01-07 23:23:52.180
	02 40 04.48920 +30 50 34.42370
	0.347
	243.68
	7.19
	2.405
	15.029



	2029-04-24 10:59:18.640
	15 54 03.70038 -37 53 36.00516
	0.788
	178.59
	−9.69
	2.299
	15.465



	2029-05-11 00:12:56.220
	15 40 18.62508 -37 33 09.56181
	0.329
	193.95
	−12.62
	2.233
	15.843



	2029-05-11 17:07:27.540
	15 39 39.81542 -37 31 13.29291
	0.471
	14.5
	−12.7
	2.232
	14.434



	2029-05-23 16:01:32.000
	15 28 40.39682 -36 45 37.17132
	0.785
	23.7
	−13.19
	2.231
	13.471



	2029-06-04 04:36:28.600
	15 19 06.10678 -35 43 34.37645
	3.174
	33.07
	−12.42
	2.266
	15.774





      

    

  
    
      Table E.1 

      Orbital elements of the satellite of Emma, expressed in EQJ2000, obtained with genoid (see Table 1 for a description of parameters).

      
        


	
	S2003-283-1





	Observing dataset
	



	Number of observations
	56



	Time span (days)
	3626



	RMS (mas)
	5.34



	Orbital elements EQJ2000
	



	P (day)
	3.40735
	± 0.00174



	a (km)
	583.9
	± 17.3



	e
	0.116
	± 0.018



	i (°)
	94.1
	± 5.5



	Ω (°)
	347.5
	± 3.8



	ω (°)
	206.8
	± 10.6



	tp (JD)
	2452835.12416
	± 0.09474



	J2
	0.13
	± 0.01



	Derived parameters
	



	MEmma (×1018 kg)
	1.364
	± 0.120



	λp, βp (°)
	257, +18
	± 4, 6



	αp δp (°)
	258, −4
	± 4, 6



	Λ (°)
	0.8
	[image: equation]



	ρ (g cm–3)
	1.1
	± 0.1
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