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Abstract

Context. As evidenced by recent survey results, the majority of asteroids are slow rotators (spin periods longer than 12 h), but lack spin and shape models because of selection bias. This bias is skewing our overall understanding of the spins, shapes, and sizes of asteroids, as well as of their other properties. Also, diameter determinations for large (>60 km) and medium-sized asteroids (between 30 and 60 km) often vary by over 30% for multiple reasons.

Aims. Our long-term project is focused on a few tens of slow rotators with periods of up to 60 h. We aim to obtain their full light curves and reconstruct their spins and shapes. We also precisely scale the models, typically with an accuracy of a few percent.

Methods. We used wide sets of dense light curves for spin and shape reconstructions via light-curve inversion. Precisely scaling them with thermal data was not possible here because of poor infrared datasets: large bodies tend to saturate in WISE mission detectors. Therefore, we recently also launched a special campaign among stellar occultation observers, both in order to scale these models and to verify the shape solutions, often allowing us to break the mirror pole ambiguity.

Results. The presented scheme resulted in shape models for 16 slow rotators, most of them for the first time. Fitting them to chords from stellar occultation timings resolved previous inconsistencies in size determinations. For around half of the targets, this fitting also allowed us to identify a clearly preferred pole solution from the pair of two mirror pole solutions, thus removing the ambiguity inherent to light-curve inversion. We also address the influence of the uncertainty of the shape models on the derived diameters.

Conclusions. Overall, our project has already provided reliable models for around 50 slow rotators. Such well-determined and scaled asteroid shapes will, for example, constitute a solid basis for precise density determinations when coupled with mass information. Spin and shape models in general continue to fill the gaps caused by various biases.
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1 Introduction
One of the ultimate aims of asteroid research is to obtain density determinations that would enable studies of their internal structure (micro- and macroporosity), and mineralogical composition in order to link meteorites with their parent bodies. Asteroids larger than 100 km in diameter are considered primitive and largely unchanged since their formation (Morbidelli et al. 2009), while smaller ones are seen as remnants of collisional disruptions and reaccumulations, with substantial macroporosity (Carry 2012).
Sizes of asteroids, a necessary prerequisite to deriving conclusions as to internal structure and density where mass is available, are not easy to determine. Accurate size determinations are of vital importance, as their relative error is tripled in density determinations, while to clearly distinguish between the different mineralogies of asteroid interiors, the density needs to be known with 20% precision (Carry 2012). In the majority of cases, asteroid sizes are calculated from a known value of absolute magnitude, and an assumed geometric albedo (Harris & Harris 1997), which leads to large uncertainties in the derived diameter, namely at the level of 20%–30% for main-belt asteroids, and reaching over 50% in some cases (Tanga et al. 2013)1. The solution is to use infrared measurements: in the visible light, a small target with a highly reflective surface is equally as bright as a large target with a dark surface. However, in the infrared, the two objects appear substantially different. A visually dark object, due to its smaller albedo, absorbs most of the solar radiation, and is heated to higher temperatures than its visually brighter counterpart (Harris & Lagerros 2002). Therefore, thermal data combined with absolute brightness in the visible light enable us to put tight constraints on the object size, typically reducing the uncertainty to 5–10% (Delbo’ et al. 2015), but only if spin and shape model is available. Without a model, the accuracy of this method is greatly reduced. Also, this method is limited to objects with rich thermal datasets from multiple space observatories. For example, large objects of around 100 km in diameter tend to be saturated in W3 and/or W4 bands (11.1 and 22.64 μm respectively) of the WISE mission (Wright et al. 2010), and so data from WISE cannot be used in their thermophysical modelling (Delbo’ et al. 2015). The diameters of these targets must therefore be determined with other methods.
A somewhat complementary method that enables large asteroid surfaces to be imaged and their shapes and sizes to be determined is high-resolution imaging with the state-of-the-art adaptive optics systems used with modern deconvolution techniques. A recent large programme at the VLT using the SPHERE/ZIMPOL instrument provided detailed shapes and accurate sizes for around 40 main-belt asteroids representing all of the main taxonomic classes (see e.g. Vernazza et al. 2021). This technique, although spectacular, is nevertheless limited to the relatively nearby and large asteroids.
Another powerful technique for measuring sizes of asteroids is the stellar occultation timing analysis (Herald et al. 2020), which is almost completely independent of their size or distance. Asteroids in their on-sky paths sometimes cross background stars, casting a shadow on the Earth surface. Observations of these rare events from a few separate sites within the predicted shadow path – thanks to precise timings – enable almost direct asteroid size measurements in kilometers. The target silhouette can also be outlined by the occultation, which can be used to verify the shape models (Ďurech et al. 2011). Such events sometimes lead to discoveries of asteroid satellites or rings (Gault et al. 2022; Ortiz et al. 2017), enabling mass determinations. An important advantage of this technique is the possibility to break the symmetry between two mirror pole solutions, which is inherent to photometric light-curve inversions of asteroids orbiting close to the ecliptic plane (Kaasalainen & Lamberg 2006).
A desirable situation would be to have at least three occultation chords for each event (Ďurech et al. 2011). A dense network of ground-based observatories is therefore required, such as the network built within the Lucky Star project2, the RECON network3 (Buie & Keller 2016), or the wide and well-organised regional networks of the International Occultation Timing Association4. With Gaia catalogues available (Gaia Collaboration 2021), the accuracy of occultation predictions has substantially improved (Tanga et al. 2022), and is expected to improve even more with the release of the full Gaia catalogue. Now there is a unique opportunity for successful observations, since both stellar positions and asteroid orbits are determined with unprecedented accuracy, resulting in most reliable occultation predictions to date. There is a time-window in which to take this opportunity, because over the following decades both quantities will start to deteriorate because of uncertainties in stellar proper motions and perturbations of asteroid orbits.
The vast majority of asteroid shape models published today are scale-free, approximate shape representations, because the focus is mainly on determining their spin parameters (see e.g. Hanuš et al. 2018; Ďurech et al. 2020). These shape models, given their angular appearance with sharp edges and large planar areas, tend to be problematic when used in further applications such as thermophysical modelling or fitting their silhouettes to stellar occultations (Hanuš et al. 2016), with the main outcome of both being diameter determinations.
In parallel, the targets on which most of these studies have focused do not necessarily represent all of the various populations of main-belt asteroids (Marciniak et al. 2015). Most of the spin and shape asteroid models available today are for relatively fast-rotating targets, while the TESS mission, for example, revealed that slow rotators (bodies rotating with periods of longer than 12 h) strongly dominate in all asteroid populations at various sizes (e.g. around 5700 objects out of 9900 in the TESS DR1 sample5, Pál et al. 2020).
Motivated by the trends described above, our survey (see e.g. Marciniak et al. 2018) is designed to reconstruct precise spin and three-dimensional shape models for the most challenging, slowly rotating asteroids, and to determine their sizes with the best available methods (thermophysical modelling, and/or stellar occultation fitting). Thanks to this survey, we now have the most accurate shape models and size values to date for over 30 such asteroids (Marciniak et al. 2021). In this work, we present a further 16 slow rotators, most of which previously lacked shape models or even good-quality light curves. Unlike our previous targets (published in Marciniak et al. 2018, Marciniak et al. 2019, 2021), these 16 asteroids could not be reliably scaled using thermal data because of the poor quality of the infrared datasets existing for them. Here, we therefore focus on scaling them using stellar occultations.
Section 2 describes our two observing campaigns, which target these bodies: one to obtain their light curves in multiple apparitions, and another to observe them in stellar occultations. Sections 3 and 4 present the methods we used for shape reconstruction and to fit the models to stellar occultation chords. Section 5 presents asteroid spin and shape models, verified and scaled using occultation fitting, which in many cases enabled us to identify a preferred pole solution. A final section summarises our findings and presents future plans, with possible applications of our results.
2 Observing campaigns
2.1 Photometric campaign for dense light curves
Our wide photometric campaign, which is described in detail in Marciniak et al. (2015), is motivated by the lack of a good-quality representation of the main-belt asteroid population as a whole by spin and shape models. As expected, models have mainly been constructed for targets for which this process is relatively straightforward, while others have been left behind. Therefore, we focused on asteroids with long periods and low amplitudes in order to counterbalance this unequal distribution. Later, slow rotators were shown to be important targets for thermal studies, as it has been speculated that they might allow us to study deeper surface regolith layers (see Harris & Drube 2016, 2020; Marciniak et al. 2021, for discussions). Furthermore, as evident from the results from Kepler (Molnár et al. 2018; Kalup et al. 2021) and confirmed by TESS missions (Pál et al. 2020), the main focus in asteroid physical studies should be on slow rotators.
The light-curve campaign for slow rotators relies on a wide, relatively uniformly distributed, and efficiently coordinated network of small telescopes of up to 1m in diameter (Table B.1 in the Appendix presents the observing runs, sites, and participating observers). This allows full coverage of the light curves of targets with rotation periods reaching 60 h within a reasonable time-frame. Data collection took a long time, partly because of the long periods of our targets, but also because of the paucity of previous data, which meant it was necessary to observe each target in five or more apparitions in order to obtain a unique spin and shape model using the convex inversion method by Kaasalainen et al. (2001). Wherever possible, our light curves are supplemented with data from the Kepler and TESS missions, and from previous ground-based observations, resulting in dense light curves (see Table B.1 in the Appendix for references), mostly through the ALCDEF database6.
2.2 Stellar occultation campaign
In October 2020, we launched an auxiliary campaign for slow rotators. Although some of them have previously been observed in stellar occultations, the results were mostly single positive chord observations, which are unusable for precise scaling (Herald et al. 2019). Therefore, in cooperation with the European Section of the International Occultation Timing Association (IOTA/ES), we started an occultation campaign for ‘Neglected Asteroids’7. Later, this campaign gained its separate tag in the Occult Watcher Cloud8, a tool widely used for occultation planning and coordination. The aim is to register multi-chord stellar occultations for slow rotators from our target list. In contrast to the light-curve campaign, where hundreds of hours on-target are needed, occultation events require observations of only one or 2 min, as they last only a few seconds. This means that good coordination and timing are even more important than in the light-curve campaign. The occultation predictions were made using the JPL Horizons database for asteroid orbits9, and Gaia EDR310 for star positions. Although these events are rare, the campaign has already resulted in a dozen or so successful occultation observations, with the number of positive chords per event reaching nine (see e.g. the events from the years 2021 and 2022 in Figs. A.6 and A.14).
Archival occultation data were downloaded from the Planetary Data System (PDS) archive11 (Herald et al. 2019), and more recent ones were obtained from the archive of the Occult pro-gramme12, or directly from the regional IOTA coordinators, who perform data evaluation and vetting in order to achieve good-quality and consistent occultation results. Most of the occultation observers are amateur astronomers, which makes this campaign a good example of a successful professional-amateur, or ‘pro-am’, collaboration. Table B.2 provides the observer names and site locations for each occultation event used here.
3 Convex inversion with shape regularisation
The majority of asteroid models presented in this work were constructed using the common convex inversion method of Kaasalainen & Torppa (2001); Kaasalainen et al. (2001). When light-curve data are sufficiently abundant to uniquely determine the sidereal rotation period and the pole direction, the shape model reconstructed from the Gaussian image is usually such that its rotation axis z is very close to the principal axis of the inertia tensor with the largest moment of inertia. Shapes that fit the data but strongly violate this condition have to be rejected as physically unacceptable solutions of the inverse problem. However, in some cases the data are so abundant that it is clear that, although the solution is correct, the shape is not physically acceptable. By ‘squeezing’ the shape along the rotation axis, the inertia tensor can be changed in such a way that its greatest axis is close to the rotation axis. However, this can only be done after the best-fit model is found, and we must also check whether or not this shrinking along the rotation axis affects the light-curve fit significantly.
When working with the Gaussian image during the optimisation, the shape is not known and we cannot regularise it to obtain the maximum moment of inertia around the rotation axis. However, even without computing the inertia tensor precisely, the shapes that are not rotating along the shortest axis are elongated along the z axis. This elongation means that the cross-section viewed from the pole direction is smaller than that from the equatorial view (xy plane). Although the 3D shape is not available during optimisation, the areas of surface facets and their normals are known, and so their projections can be computed. The regularisation term R that we introduce is
[image: equation](1)
where [image: equation] are unit normals to surface elements of areas σi, and [image: equation], [image: equation], [image: equation] are unit vectors along the coordinate axes; the summation is over all N surface elements. The more extended the shape along the z axis, the higher R, and so the penalty function that is added to the χ2 is R2 times some weight w. By increasing w, the shape model is forced to have projected areas along the x and y axes that are smaller than along the z axis, which makes it more oblate and ensures physically correct rotation. This way, we were able to produce physically realistic shapes for (439) Ohio and (566) Stereoskopia, for which the standard light-curve inversion without regularisation led to unphysical shapes. With regularisation, the fit to the data remained almost the same (RMS changed from 0.0073 to 0.0074 for the example shown in Fig. 1), meaning that the dimension along the rotation axis was not constrained by the data, and the regularisation helped to produce realistic shapes without affecting the fit. A ‘negative regularisation’ mentioned in the following section means using the regularisation term 1/R2, which produces more stretched shapes when needed.
	[image: thumbnail]	Fig. 1 Two versions of shape model 2 for (566) Stereoskopia: without shape regularisation (top) and with regularisation applied (bottom), using the same starting parameters otherwise. The three views show, from left to right: two equatorial views separated by 90°in phase, and the pole-on view. We note that the pole-on silhouettes generally agree between two versions of the shape model, as it is the equatorial cross-section that most effectively influences the light curves.



4 Occultation fitting
As mentioned in Sect. 1, shape models derived from photometry do not carry information about the size; they are scale-free. We scaled them using the same approach as Ďurech et al. (2011) and recently Marciniak et al. (2021). The positions of the observers detecting an occultation were projected on the fundamental plane, which is the plane crossing the geocenter and is perpendicular to the direction from the asteroid to the star. We then computed the orientation of the shape model for the mean time of occultation and projected it also to the fundamental plane. Because the time span of occultation timings is usually much shorter than the rotation period of the asteroid, the rotation is neglected, and the silhouette is assumed to be constant. The size of the asteroid and the relative position of its projection on the fundamental plane with respect to chords are three parameters optimised to converge to the best agreement between the projection of the asteroid shape and occultation chords. The goodness of the fit is described by a standard χ2 measure with timing uncertainties taken into account.
The uncertainty of the derived size is affected by many factors: the number of occultation events, the number of chords in individual occultations and their distribution across the silhouette, the timing errors of individual chords, and the uncertainty on the projection of the asteroid (and therefore the uncertainty on its shape and spin state). When there are several occultations by one asteroid with many chords covering the whole projected disc, the RMS residual in kilometers is one estimation of the size uncertainty (see the last column in Table 1).
However, the uncertainty on the sizes of the asteroids determined in this way does not take into account the uncertainty on the models themselves. The main problem is that relative light curves supporting the models are largely insensitive to a vertical dimension of the shape model, as the ratio between the biggest and smallest projected area in a given aspect remains similar regardless of this dimension. To tackle this problem, we used the ability of inertia regularisation to influence the vertical stretch of the derived models. We created ten versions of each model, with both positive and negative regularisations, creating flatter and rounder shapes that would still fit the light curves at a similar level to the nominal solution, and at the same time remaining physical (rotating around the shortest axis) and realistic (e.g. not being extremely thin). Models fitting the light curves within 10% RMS of the best-fit solution are accepted following Kaasalainen et al. (2001). With tens of light curves and thousands of photometric points, the 10% increase in RMS is really an extreme limit and is the upper boundary for ‘acceptable’ models, as shown by the example in Fig. 2. The upper model is the nominal one, without inertia regularisation, while the bottom one was created with a relatively high level of regularisation. The other model fitted the light curves within 7% of the best solution (RMS of 0.0117 vs. 0.0110 for the best fit) and is already unrealistically flattened. Another approach relates the χ2 limit to the number of data points (see e.g. Hanuš et al. 2021; Ďurech et al. 2022, Appendix A).
Those variations of each model have been fitted to occultations as well, resulting in a pool of plausible sizes. This also revealed the shape versions fitting the occultations with substantially higher RMS, or not fitting some chords at all. In some cases, this strengthened the case for a preference for one of two pole solutions, where all the versions of shape for one pole resulted in a similar value for the size and a consistently small RMS of the fit, while for the other pole the sizes varied substantially, and the RMS was high. Such cases are described in more detail in the following section.
The key point here was to check whether the range of sizes derived in this way would be higher or smaller than the nominal RMS of the occultation fit, which is mainly governed by the occultation timing uncertainties. When it was higher, it replaced the nominal RMS value as a measure of diameter uncertainty in Table 1. However, when the range of sizes was smaller than the RMS of the fit, this meant that the uncertainty here was dominated by the occultation timing errors or the convex approximation of the shape.
Table 1 
Spin parameters and sizes of asteroid models obtained in this work.

	[image: thumbnail]	Fig. 2 Two versions of shape model 2 for (412) Elisabetha. The high-regularisation model (bottom) still fits the light curves on formally acceptable level, but is unrealistically flat. See Sect. 4 for discussion.



5 Results
We used the rich datasets of dense light curves from our campaign (see Figs. C.1–C.77) for spin and shape modelling with the classical light-curve inversion method – or its slight variation with shape regularisation – in order to make non-physical models rotate in a physical manner around the axis of largest inertia (see Sect. 3). Table 1 summarises the spin parameters and diameters determined in this work. The fit of the shape models to occultation chords can be seen in Figs. 3–A.17. A good fit has manifold benefits: primarily it serves to scale the models in kilometers, but it also verifies the shape features, and often clearly points to the solution that must be close to the real one, making its mirror counterpart less probable. We should note that the asteroid sizes determined here are diameters of volume-equivalent spheres, while sizes determined from infrared measurements are for surface-equivalent spheres. In any case, the difference between the two diameters for the same shape model is at the level of 5% or less, which is smaller than the uncertainty on the models themselves, especially with NEATM spherical shape approximation. It is therefore justified to directly compare sizes determined with the two methods, without any scaling factors.
In parallel, in a few justified cases (275 Sapientia, 464 Megaira, 530 Turandot) where the occultation results suggest the presence of non-convex shape features, we additionally used the all-data asteroid modelling (ADAM, Viikinkoski et al. 2015) method for shape reconstruction. This technique uses both light curves and occultation timings as input data in a single optimisation process. The results are presented in Figs. 5, A.1, A.8, and A.12 and in Table 1. They can be compared with the respective shape models constructed with traditional convex inversion without occultations; and fitted to occultations later (Figs. 4, A.7, and A.11). The determined sizes and spin parameters are consistent between the two methods, while ADAM shapes show a slightly better fit to the occultations, as expected. The size uncertainties for ADAM shape models presented in Table 1 come from the scatter of solutions and are clearly underestimated.
For each model, Table 1 presents the spin axis ecliptic coordinates, with the sidereal period of rotation, together with the uncertainties on each parameter. The table also contains details of the light-curve datasets, and the volume-equivalent diameters with uncertainties based on the deviation of the shape model silhouettes from the occultation chord ends, or on the scatter of sizes for various versions of the same shape, whichever source dominated the error budget. The preferred pole solutions after occultation fitting are marked in boldface. In Figs. 3–A.17, lesser preferred solutions are marked with dashed magenta contours, and the solid blue contours mark the preferred solutions. In the case of only slightly preferred solutions, both contours are solid lines, but the preferred solution is still shown in blue. In some cases, the preference seems to be based on single chords, but it is the duration rather than the chord absolute position that is the deciding factor in such cases The duration of the occultation events is usually recorded correctly, while the gross timing error might shift the whole chord, but does not change its length. There are of course exceptions to this rule; see the discussion on (275) Sapientia in Sect. 5. In the cases with no preference for the spin solution, both coloured contours are again solid; see the text and figure captions for details.
Additionally, Table 2 contains the range of previously determined sizes, with the source references. Please note the diversity of the literature diameters, differing by 50% for some targets between different works. Below we describe all targets in more detail.
	[image: thumbnail]	Fig. 3 (70) Panopaea model fit to occultation chords shown in the fundamental plane. North is up and west is right. Dashed lines mark visual observations, as opposed to video or photoelectric ones marked with solid lines. Grey segments correspond to timing uncertainties. Blue contour: Instantaneous silhouette of shape model 1 (see Table 1). Magenta: Same but for model 2. In this case, occultations show no preference for any of the models.



	[image: thumbnail]	Fig. 4 (275) Sapientia model fit to occultation chords. Here, model 2 is preferred (blue solid contour).



Table 2 
Previously published diameters for the asteroids studied here.

5.1 (70) Panopaea
Our result for the spin and shape of Panopaea (see Table 1) closely agrees with the one recently published by Hanuš et al. (2021). Three multi-chord occultations were available for Panopaea, one of them with a particularly rich set of 13 positive chords (see Fig. 3). However, many of these were visual observations, and the chords had unrealistically small error bars. All errors have been changed here to 0.05 s for photoelectric and video observations, and to 0.5 s for visual observations. Both shape solutions are consistent with the occultations, resulting in a size determination of 128 km with very small uncertainty of a few percent (Table 1). Previous literature diameter determinations for Panopaea varied widely from 105 km to 163 km (Table 2), and were mostly based on the NEATM model (Harris 1998), which approximates the body shape with a sphere.
5.2 (275) Sapientia
There were seven pre-existing occultation observations for this target (one with 16 chords), and our Neglected Asteroids campaign adds another two events. From the full set of nine events, four chords had to be removed because of their clear inconsistency with the remaining ones: there must have been large errors on either the duration or the absolute timing. The fitting to occultations clearly points at pole 2 as the preferred solution (Table 1), which is especially evident from the fit to occultations from years 2015, 2020, and 2021 (see Fig. 4). The size is determined with high accuracy (7%).
With such a rich set of occultations, and some of them suggesting non-convex shape features, the ADAM method was also applied. The resulting shape for pole 2 shows a slightly better fit to all occultations simultaneously (see Figs. 5 and A.1), but the fit is still not perfect. In particular, the four-chord event from the year 2018 cannot be fittted by any of the models, even though here we allow the occultations to influence the shape. The northernmost chord probably has an underestimated duration (this event is actually annotated ‘short low drop event in noisy recording’) or it points to some small shape feature below the resolution of the ADAM shape reconstruction procedure. The size of Sapi-entia found with the ADAM method (100 km) is consistent with that described above, and the scatter of possible sizes shrank to a mere 1%. Previous size determinations for Sapientia were somewhat less discrepant than for Panopaea, ranging from 89 to 124 km (Table 2).
5.3 (286) Iclea
Although the fit to the only available three-chord occultation for Iclea only slightly favours the pole 1 solution (see Fig. A.2), the sizes from the fitting for both solutions are clearly discrepant: the size for pole 2 solution is much smaller than the size for the pole 1 solution (69 vs. 86 km), and is also inconsistent with all the previous sizes determined using infrared data (81–125 km, see Table 2). Also, pole 1 spin parameters are confirmed by the results of Ďurech et al. (2020); this is the only solution for the pole of Iclea. Considering all of the above, we think that our solution for pole 2 (Table 1) can be safely rejected.
5.4 (326) Tamara
There exists an extremely wide range of literature diameters for Tamara (see Table 2): from 63 km to as much as 117 km, an almost two-fold difference. This might be due to the relatively unusual orbit of Tamara given that it is a main-belt asteroid, with an eccentricity of 0.19, and an inclination of 23°. As a consequence, thermal measurements of Tamara must have been taken at substantially varied heliocentric distances, complicating thermal analysis. Our result, being independent of thermal aspects, resolves these inconsistencies, pinpointing the diameter of this body to [image: equation] km. The first pole solution is preferred based on the quality of the occultation fit (Fig. A.3), with the RMS being almost twice as low as in any version of model 2. Also, the spin solution found here is in good agreement with that from Hanuš et al. (2021).
	[image: thumbnail]	Fig. 5 (275) Sapientia, ADAM solution pole 1, shown with occultation chords used to construct the model. Occultation events are the same as in Fig. 4.



5.5 (412) Elisabetha
The model 2 solution for Elisabetha is a much better fit to the occultations than any version of model 1 (compare the events from years 2011 and 2016 between the two poles in Fig. A.4), and therefore model 2 is our preferred solution (Table 1). Our size determination ([image: equation] km) confirms previous determinations (76–112 km), which tended towards larger values (see Table 2, and MP3C database).
5.6 (426) Hippo
For Hippo we obtained two pole solutions from light-curve inversion; however, the second pole (see Table 1) was at the verge of rejection on the basis of the RMS fit to the light curves, which was almost 10% higher than for the first pole. See Sect. 4 for a discussion of this threshold. Our spin solutions roughly agree with those published by Hanuš et al. (2021) and Ďurech et al. (2019), in terms of pole latitude and period but disagree with the pole longitude for model 2 presented by these authors.
We decided to fit both shape solutions to the rich set of occultations; see Fig. A.5. Surprisingly, it is the shape connected to pole solution 2 (blue contour in Fig. A.5) that fits most of the occultations better than solution 2, especially the richest one from 27 December 2021. We therefore consider the pole 1 solution to be lesser probable (dashed magenta contour), even though it provided a formally better fit to light curves. The size determined here (122 ± 4 km) is close to the middle of the size range found in the literature (Table 2).
5.7 (439) Ohio
Our research into the asteroid Ohio is a success in multiple ways. First, we have been able to correct a previously accepted rotation period, identifying a period of around 37.46 h as the correct one (Marciniak et al. 2015), instead of 19.2 h which persisted for decades in the asteroid Light-Curve Database (Warner et al. 2009). Later, after gathering sufficient light-curve data over multiple apparitions, we managed to obtain its physically rotating model, which was possible thanks to regularisation added to light-curve inversion routines. There was only a single pole solution (Table 1) on the level of light-curve inversion, as the mirror pole solution gave a much poorer fit to light curves. This is facilitated by a relatively high orbital inclination of 19° for Ohio. Our spin solution is ~30° and ~50° away in spin axis latitude and longitude, respectively, from the pole 2 solution provided by Ďurech et al. (2018).
Later, in March 2022, we coordinated observers around two stellar occultation events (resulting in 6 and 9 positive chords, including one grazing event observed by the first author), where there were no previously recorded multi-chord events (i.e. containing more than three positive chords). In the end, our shape model was fitted to these occultations, presenting a very good-quality fit (see Fig. A.6). Thanks to the quality of both the model and the occultation timings, the shape was precisely scaled with small residual RMS. The only small discrepancies between the model and the chords from the last occultation probably reveal the shape resolution limits of a classical light-curve inversion.
5.8 (464) Megaira
The fit to occultations for Megaira is puzzling: Model 2 gives a somewhat better fit than model 1 (Fig. A.7), but it always leaves the southernmost chord outside the profile. Some variations of the shape for model 1 can fit that chord, but they then lead to a clearly poorer fit to the remaining chords. The situation is similar when modelling this target with the ADAM algorithm (Fig. A.8). In summary, model 2 is slightly preferred, but cannot fit all the chords. Previously published sizes range from 57 to 92 km. Our determination results in sizes of 75–79 km.
5.9 (476) Hedwig
Both pole solutions for Hedwig agree with those found by Hanuš et al. (2021), but the pole 1 solution is clearly the preferred one by the fit to almost all of the six occultations, especially to the event from the year 2000 (see Fig. A.9). The diameter we determine ([image: equation] km) is around the mean of the range of previous determinations (106–138 km, Table 2.)
5.10 (524) Fidelio
Pole 2 (see Table 1) is preferred by occultations here (Fig. A.10). This solution is also confirmed by the value for βp found by Ďurech et al. (2020) and the full spin solution by Hanuš et al. (2021). The size determined here (67 ± km) is closer to the lower end of the range of literature sizes (62–83 km).
5.11 (530) Turandot
The occultation set for Turandot contained a few discrepant chords, and so we had to remove four chords from the first event in the year 2006, and completely leave out the second three-chord event from that year due to strong mutual inconsistencies among the chords. The remaining set allowed us to clearly identify one of two pole solutions as the preferred one (see Fig. A.11), especially in the ADAM version of the model. With the ADAM model for pole 2, the southernmost chord of the 2006 event is finally fitted, revealing a non-convex feature on the shape (Fig. A.12). Both methods gave the same size for the two models, of namely 89 km, while previous determinations were in the narrow range from 76 to 89 km. Our spin latitude found with the ADAM method is almost 30° away from the value found by Hanuš et al. (2021) using convex inversion.
5.12 (551) Ortrud
The occultation event for Ortrud from July 2021 contains problematic, mutually inconsistent chords (Fig. A.13). Because it is hard to identify the erroneous chords, we keep them all for the scaling. This results in larger RMS residuals for the diameter (12%). Previous determinations ranged from 66 to 86 km (see Table 2), while ours are around 85 km, confirming the upper values.
5.13 (566) Stereoskopia
One of the best covered occultations for Stereoskopia was observed within our campaign (see the event from 2021 in Fig. A.14). As the shape solutions tended to be non-physical and unstable here, we used the regularisation, and tried a few versions of the shape model for each of the two pole solutions. We adopted the one that gave the best fit to occultations. All the shape fits for pole 1 were clearly superior to any shape fits for pole 2. Still, no shape was able to fit all the chords from the event in 2021. This might be due to insufficient information on the shape contained in the light curves of this low-pole asteroid (see very low |βp| values in Table 1). Some light curves were obtained in pole-on geometries, and therefore showed hardly any brightness variations.
There were large discrepancies in literature diameter determinations for Stereoskopia, which range from 134 to 190 km. The value found here (148 km) is consistent with lower of these values, and in spite of the imperfect fit, has an RMS of only 5–7%.
5.14 (657) Gunlod
The values for both pole coordinates for Gunlod are roughly consistent with the ones determined previously by Ďurech et al. (2019), although the poles found here have notably higher (~20°) values of βp, which are closer to the values found by Hanuš et al. (2021). The fit to the only multi-chord occultation by Gunlod prefers pole 2 solution (see Fig. A.15), however that preference is based on only one chord, and a smaller RMS value for the diameter (Table 1). Literature size determinations for Gunlod range from 31 to 46 km, while this work places its diameter in the middle of this range (37–39 km).
5.15 (738) Alagasta
The fit to occultations shows that the solution for pole 2 of Alagasta is slightly better, but still imperfect (Fig. A.16). Sizes from the literature are from 55 to 78 km, while the size determined here is 55 ± 5 km, confirming the values at the lower end of this range.
5.16 (806) Gyldenia
The spin solution for asteroid Gyldenia is within a few degrees of that found by Ďurech et al. (2019). The pole 2 solution seems to better fit the only available occultation (Fig. A.17), as also evidenced by the smaller RMS residual for the volume-equivalent size determined in this way (Table 1). Still, this solution also fails to fit the longest occultation chord. On the other hand, pole 1 has difficulty in fitting the short chord at the edge of the shape; although the fitting of such small chords is problematic in general. Previous diameter determinations range from 56 to 83 km (Table 2), and the diameter presented here is 55–57 km, which is consistent with the lowest of the published values.
6 Conclusions and future prospects
Our project and comprehensive approach has provided almost 50 high-quality scaled models (Marciniak et al. 2018, 2019, 2021) for poorly studied but large and ubiquitous asteroids, including 16 presented here. Two observing campaigns - for light curves and occultations – were carried out by a wide network of collaborators and involved many amateur astronomers, bringing new people to the field. We are going to continue the occultation campaign, and to a lesser extent, also the one for time-series photometry, as the latter is gradually being replaced by wide ground-based and space-based sky surveys. As so many asteroids have poorly determined sizes, stellar occultations are the best technique to reliably determine the sizes of a large number of targets from all groups, especially in the era of the Gaia mission.
Our precise determinations of spins, shapes, and sizes for many, previously largely omitted targets enrich and complement the available sample of modelled asteroids13 (Ďurech et al. 2010). Our set includes asteroids belonging to a few asteroid families that are believed to form in catastrophic disruptions of larger parent bodies. Current theories of collisional evolution of the Solar System predict a steady number of existing asteroid families throughout history, but observational evidence contradicts this prediction (Brož et al. 2013). The key to solving this inconsistency is to determine family ages by deciphering the drift rate of family members from the centre. This can be done by studying the V-shaped dependence of the inverse size 1/D on the proper semimajor axis ap (Vokrouhlický et al. 2006). Among the many potential applications, our improved size determinations and spin properties can facilitate better predictions of the thermally driven drift of the asteroids within their families.
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Appendix A  Additional figures
	[image: thumbnail]	Fig. A.1 (275) Sapientia ADAM solution pole 2, shown with occultation chords used to construct the model. Occultation events are the same as in Fig. 4.



	[image: thumbnail]	Fig. A.2 (286) Iclea model fit to occultation chords. Pole 2 (dashed contour) is rejected as inconsistent with all previous size determinations.



	[image: thumbnail]	Fig. A.3 (326) Tamara model fit to occultation chords. Pole 1 is preferred (solid contour).



	[image: thumbnail]	Fig. A.4 (412) Elisabetha model fit to occultation chords. Pole 2 is preferred (solid contour).



	[image: thumbnail]	Fig. A.5 (426) Hippo model fit to occultation chords. Pole 2 is preferred (solid contour).



	[image: thumbnail]	Fig. A.6 (439) Ohio model fit to occultation chords.



	[image: thumbnail]	Fig. A.7 (464) Megaira model fit to occultation chords: pole 1 (blue), and pole 2 (magenta).



	[image: thumbnail]	Fig. A.8 (464) Megaira ADAM solution pole 1 (top row), pole 2 (bottom row), shown with occultation chords used to construct the models. Occultation events same as in Fig. A.7.



	[image: thumbnail]	Fig. A.9 (476) Hedwig model fit to occultation chords. Pole 1 is preferred (solid contour).



	[image: thumbnail]	Fig. A.10 (524) Fidelio model fit to occultation chords. Pole 2 is preferred (blue contour).



	[image: thumbnail]	Fig. A.11 (530) Turandot model fit to occultation chords. Pole 2 is preferred (solid contour).



	[image: thumbnail]	Fig. A.12 (530) Turandot ADAM solution pole 1 (top row), pole 2 (bottom row), shown with occultation chords used to construct the models. Occultation events same as in Fig. A.11.



	[image: thumbnail]	Fig. A.13 (551) Ortrud model fit to occultation chords: pole 1 (blue), and pole 2 (magenta).



	[image: thumbnail]	Fig. A.14 (566) Stereoskopia model fit to occultation chords. Pole 1 is preferred (solid contour).



	[image: thumbnail]	Fig. A.15 (657) Gunlod model fit to occultation chords. Pole 2 is preferred (blue contour).



	[image: thumbnail]	Fig. A.16 (738) Alagasta model fit to occultation chords: pole 2 (blue), and pole 1 (magenta).



	[image: thumbnail]	Fig. A.17 (806) Gyldenia model fit to occultation chords: pole 1 (blue), and pole 2 (magenta).




Appendix B  Observing campaign details
This section contains summarised details of all time-series observations used for the modelling (Table B.1), and the list of stellar occultation event observers and sites (Table B.2).
Table B.1 
Details of all photometric observations for light curves: observing dates, number of light curves, range of ecliptic longitudes of the target, and sun-target-observer phase angles, observer name (or paper citation in case of published data), and the observing site. Some data come from robotic telescopes, in which case there is no observer specified. For data from the TESS spacecraft, Nic denotes the number of days of continuous observations. CSSS stands for Center for Solar System Studies, CTIO - Cerro Tololo Interamerican Observatory, e-EyE - Entre Encinas y Estrellas, ESO - European Southern Observatory, OASI - Observatorio Astronômico do Sertão de Itaparica, ORM - Roque de los Muchachos Observatory, OT - Observatorio del Teide, and SOAO - Sobaeksan Optical Astronomy Observatory.

Table B.2 
List of stellar occultation observers and locations of their observing sites. Source: Occult programme.


Appendix C  Light curves
Composite light curves presenting new data for target asteroids (Figures C.1 – C.77).
	[image: thumbnail]	Fig. C.1 Composite light curve of (70) Panopaea from the years 2016-2017.



	[image: thumbnail]	Fig. C.2 Composite light curve of (70) Panopaea from the year 2018.



	[image: thumbnail]	Fig. C.3 Composite light curve of (70) Panopaea from the year 2018 observed by TESS spacecraft.



	[image: thumbnail]	Fig. C.4 Composite light curve of (70) Panopaea from the year 2019.



	[image: thumbnail]	Fig. C.5 Composite light curve of (275) Sapientia from the years 2016-2017.



	[image: thumbnail]	Fig. C.6 Composite light curve of (275) Sapientia from the year 2018.



	[image: thumbnail]	Fig. C.7 Composite light curve of (286) Iclea from the year 2007.



	[image: thumbnail]	Fig. C.8 Composite light curve of (286) Iclea from the year 2013.



	[image: thumbnail]	Fig. C.9 Composite light curve of (286) Iclea from the year 2014.



	[image: thumbnail]	Fig. C.10 Composite light curve of (286) Iclea from the year 2015.



	[image: thumbnail]	Fig. C.11 Composite light curve of (286) Iclea from the years 2016-2017.



	[image: thumbnail]	Fig. C.12 Composite light curve of (286) Iclea from the years 2017-2018.



	[image: thumbnail]	Fig. C.13 Composite light curve of (286) Iclea from the year 2019.



	[image: thumbnail]	Fig. C.14 Composite light curve of (326) Tamara from the year 2012.



	[image: thumbnail]	Fig. C.15 Composite light curve of (326) Tamara from the year 2015.



	[image: thumbnail]	Fig. C.16 Composite light curve of (326) Tamara from March 2016.



	[image: thumbnail]	Fig. C.17 Composite light curve of (326) Tamara August-September 2016.



	[image: thumbnail]	Fig. C.18 Composite light curve of (326) Tamara from October 2016. Data in 2016 were gathered in greatly varied phase angles and ecliptic longitudes, preventing the creation of one composite light curve (see Fig. C.16, and C.17).



	[image: thumbnail]	Fig. C.19 Composite light curve of (326) Tamara from the year 2017.



	[image: thumbnail]	Fig. C.20 Composite light curve of (326) Tamara from the year 2019.



	[image: thumbnail]	Fig. C.21 Composite light curve of (412) Elisabetha from the year 2016.



	[image: thumbnail]	Fig. C.22 Composite light curve of (412) Elisabetha from the year 2017.



	[image: thumbnail]	Fig. C.23 Composite light curve of (412) Elisabetha from the year 2018.



	[image: thumbnail]	Fig. C.24 Composite light curve of (412) Elisabetha from the years 2019-2020.



	[image: thumbnail]	Fig. C.25 Composite light curve of (412) Elisabetha from the year 2021.



	[image: thumbnail]	Fig. C.26 Composite light curve of (426) Hippo from the year 2015.



	[image: thumbnail]	Fig. C.27 Composite light curve of (426) Hippo from the years 2016-2017.



	[image: thumbnail]	Fig. C.28 Composite light curve of (426) Hippo from the year 2019 observed by TESS spacecraft.



	[image: thumbnail]	Fig. C.29 Composite light curve of (426) Hippo from the year 2021.



	[image: thumbnail]	Fig. C.30 Composite light curve of (439) Ohio from the years 2015-2016.



	[image: thumbnail]	Fig. C.31 Composite light curve of (439) Ohio from the year 2018.



	[image: thumbnail]	Fig. C.32 Composite light curve of (439) Ohio from the year 2019.



	[image: thumbnail]	Fig. C.33 Composite light curve of (439) Ohio from the year 2020.



	[image: thumbnail]	Fig. C.34 Composite light curve of (464) Megaira from the year 2015.



	[image: thumbnail]	Fig. C.35 Composite light curve of (464) Megaira from the year 2016.



	[image: thumbnail]	Fig. C.36 Composite light curve of (464) Megaira from the year 2017.



	[image: thumbnail]	Fig. C.37 Composite light curve of (464) Megaira from the years 2018-2019.



	[image: thumbnail]	Fig. C.38 Composite light curve of (464) Megaira from the year 2020.



	[image: thumbnail]	Fig. C.39 Composite light curve of (476) Hedwig from the year 2013.



	[image: thumbnail]	Fig. C.40 Composite light curve of (476) Hedwig from the years 2014-2015.



	[image: thumbnail]	Fig. C.41 Composite light curve of (476) Hedwig from the year 2016.



	[image: thumbnail]	Fig. C.42 Composite light curve of (476) Hedwig from the year 2017.



	[image: thumbnail]	Fig. C.43 Composite light curve of (476) Hedwig from the year 2018.



	[image: thumbnail]	Fig. C.44 Composite light curve of (524) Fidelio from the year 2013.



	[image: thumbnail]	Fig. C.45 Composite light curve of (524) Fidelio from the years 2014-2015.



	[image: thumbnail]	Fig. C.46 Composite light curve of (524) Fidelio from the year 2016.



	[image: thumbnail]	Fig. C.47 Composite light curve of (524) Fidelio from the year 2017.



	[image: thumbnail]	Fig. C.48 Composite light curve of (524) Fidelio from the years 2018-2019.



	[image: thumbnail]	Fig. C.49 Composite light curve of (530) Turandot from the years 2015-2016.
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	[image: thumbnail]	Fig. C.51 Composite light curve of (530) Turandot from the year 2018.
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	[image: thumbnail]	Fig. C.63 Composite light curve of (657) Gunlod from the year 2016, obsbrved mainly from TESS spacecraft.
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	[image: thumbnail]	Fig. C.67 Composite light curve of (657) Gunlod from the years 2021–2022. Given the different character of the light curve caused by slightly different viewing geometry, it could not be folded with the light curve from Fig. C.66.
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	[image: thumbnail]	Fig. C.75 Composite light curve of (806) Gyldenia from the year 2018.
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	[image: thumbnail]	Fig. C.77 Composite light curve of (806) Gyldenia from the year 2021.
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	[image: thumbnail]	Fig. 1 Two versions of shape model 2 for (566) Stereoskopia: without shape regularisation (top) and with regularisation applied (bottom), using the same starting parameters otherwise. The three views show, from left to right: two equatorial views separated by 90°in phase, and the pole-on view. We note that the pole-on silhouettes generally agree between two versions of the shape model, as it is the equatorial cross-section that most effectively influences the light curves.
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	[image: thumbnail]	Fig. 2 Two versions of shape model 2 for (412) Elisabetha. The high-regularisation model (bottom) still fits the light curves on formally acceptable level, but is unrealistically flat. See Sect. 4 for discussion.
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	[image: thumbnail]	Fig. 3 (70) Panopaea model fit to occultation chords shown in the fundamental plane. North is up and west is right. Dashed lines mark visual observations, as opposed to video or photoelectric ones marked with solid lines. Grey segments correspond to timing uncertainties. Blue contour: Instantaneous silhouette of shape model 1 (see Table 1). Magenta: Same but for model 2. In this case, occultations show no preference for any of the models.
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	[image: thumbnail]	Fig. 4 (275) Sapientia model fit to occultation chords. Here, model 2 is preferred (blue solid contour).
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	[image: thumbnail]	Fig. 5 (275) Sapientia, ADAM solution pole 1, shown with occultation chords used to construct the model. Occultation events are the same as in Fig. 4.
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	[image: thumbnail]	Fig. A.1 (275) Sapientia ADAM solution pole 2, shown with occultation chords used to construct the model. Occultation events are the same as in Fig. 4.
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	[image: thumbnail]	Fig. A.2 (286) Iclea model fit to occultation chords. Pole 2 (dashed contour) is rejected as inconsistent with all previous size determinations.
In the text



	[image: thumbnail]	Fig. A.3 (326) Tamara model fit to occultation chords. Pole 1 is preferred (solid contour).
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	[image: thumbnail]	Fig. A.4 (412) Elisabetha model fit to occultation chords. Pole 2 is preferred (solid contour).
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	[image: thumbnail]	Fig. A.5 (426) Hippo model fit to occultation chords. Pole 2 is preferred (solid contour).
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	[image: thumbnail]	Fig. A.7 (464) Megaira model fit to occultation chords: pole 1 (blue), and pole 2 (magenta).
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	[image: thumbnail]	Fig. A.8 (464) Megaira ADAM solution pole 1 (top row), pole 2 (bottom row), shown with occultation chords used to construct the models. Occultation events same as in Fig. A.7.
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	[image: thumbnail]	Fig. A.9 (476) Hedwig model fit to occultation chords. Pole 1 is preferred (solid contour).
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	[image: thumbnail]	Fig. A.10 (524) Fidelio model fit to occultation chords. Pole 2 is preferred (blue contour).
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	[image: thumbnail]	Fig. A.11 (530) Turandot model fit to occultation chords. Pole 2 is preferred (solid contour).
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	[image: thumbnail]	Fig. A.12 (530) Turandot ADAM solution pole 1 (top row), pole 2 (bottom row), shown with occultation chords used to construct the models. Occultation events same as in Fig. A.11.
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	[image: thumbnail]	Fig. A.13 (551) Ortrud model fit to occultation chords: pole 1 (blue), and pole 2 (magenta).
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	[image: thumbnail]	Fig. A.14 (566) Stereoskopia model fit to occultation chords. Pole 1 is preferred (solid contour).
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	[image: thumbnail]	Fig. A.15 (657) Gunlod model fit to occultation chords. Pole 2 is preferred (blue contour).
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	[image: thumbnail]	Fig. A.16 (738) Alagasta model fit to occultation chords: pole 2 (blue), and pole 1 (magenta).
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	[image: thumbnail]	Fig. A.17 (806) Gyldenia model fit to occultation chords: pole 1 (blue), and pole 2 (magenta).
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	[image: thumbnail]	Fig. C.1 Composite light curve of (70) Panopaea from the years 2016-2017.
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	[image: thumbnail]	Fig. C.2 Composite light curve of (70) Panopaea from the year 2018.
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	[image: thumbnail]	Fig. C.3 Composite light curve of (70) Panopaea from the year 2018 observed by TESS spacecraft.
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	[image: thumbnail]	Fig. C.5 Composite light curve of (275) Sapientia from the years 2016-2017.
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	[image: thumbnail]	Fig. C.6 Composite light curve of (275) Sapientia from the year 2018.
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	[image: thumbnail]	Fig. C.7 Composite light curve of (286) Iclea from the year 2007.
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	[image: thumbnail]	Fig. C.8 Composite light curve of (286) Iclea from the year 2013.
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	[image: thumbnail]	Fig. C.9 Composite light curve of (286) Iclea from the year 2014.
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	[image: thumbnail]	Fig. C.10 Composite light curve of (286) Iclea from the year 2015.
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	[image: thumbnail]	Fig. C.11 Composite light curve of (286) Iclea from the years 2016-2017.
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	[image: thumbnail]	Fig. C.12 Composite light curve of (286) Iclea from the years 2017-2018.
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	[image: thumbnail]	Fig. C.13 Composite light curve of (286) Iclea from the year 2019.
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	[image: thumbnail]	Fig. C.14 Composite light curve of (326) Tamara from the year 2012.
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	[image: thumbnail]	Fig. C.15 Composite light curve of (326) Tamara from the year 2015.
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	[image: thumbnail]	Fig. C.16 Composite light curve of (326) Tamara from March 2016.
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	[image: thumbnail]	Fig. C.17 Composite light curve of (326) Tamara August-September 2016.
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	[image: thumbnail]	Fig. C.18 Composite light curve of (326) Tamara from October 2016. Data in 2016 were gathered in greatly varied phase angles and ecliptic longitudes, preventing the creation of one composite light curve (see Fig. C.16, and C.17).
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	[image: thumbnail]	Fig. C.19 Composite light curve of (326) Tamara from the year 2017.
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	[image: thumbnail]	Fig. C.20 Composite light curve of (326) Tamara from the year 2019.
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	[image: thumbnail]	Fig. C.21 Composite light curve of (412) Elisabetha from the year 2016.
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	[image: thumbnail]	Fig. C.24 Composite light curve of (412) Elisabetha from the years 2019-2020.
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	[image: thumbnail]	Fig. C.25 Composite light curve of (412) Elisabetha from the year 2021.
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	[image: thumbnail]	Fig. C.26 Composite light curve of (426) Hippo from the year 2015.
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	[image: thumbnail]	Fig. C.27 Composite light curve of (426) Hippo from the years 2016-2017.
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	[image: thumbnail]	Fig. C.28 Composite light curve of (426) Hippo from the year 2019 observed by TESS spacecraft.
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	[image: thumbnail]	Fig. C.29 Composite light curve of (426) Hippo from the year 2021.
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	[image: thumbnail]	Fig. C.30 Composite light curve of (439) Ohio from the years 2015-2016.
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	[image: thumbnail]	Fig. C.31 Composite light curve of (439) Ohio from the year 2018.
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	[image: thumbnail]	Fig. C.32 Composite light curve of (439) Ohio from the year 2019.
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	[image: thumbnail]	Fig. C.33 Composite light curve of (439) Ohio from the year 2020.
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	[image: thumbnail]	Fig. C.34 Composite light curve of (464) Megaira from the year 2015.
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	[image: thumbnail]	Fig. C.35 Composite light curve of (464) Megaira from the year 2016.
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	[image: thumbnail]	Fig. C.36 Composite light curve of (464) Megaira from the year 2017.
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	[image: thumbnail]	Fig. C.37 Composite light curve of (464) Megaira from the years 2018-2019.
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	[image: thumbnail]	Fig. C.38 Composite light curve of (464) Megaira from the year 2020.
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	[image: thumbnail]	Fig. C.39 Composite light curve of (476) Hedwig from the year 2013.
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	[image: thumbnail]	Fig. C.40 Composite light curve of (476) Hedwig from the years 2014-2015.
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	[image: thumbnail]	Fig. C.41 Composite light curve of (476) Hedwig from the year 2016.
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	[image: thumbnail]	Fig. C.42 Composite light curve of (476) Hedwig from the year 2017.
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	[image: thumbnail]	Fig. C.43 Composite light curve of (476) Hedwig from the year 2018.
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	[image: thumbnail]	Fig. C.44 Composite light curve of (524) Fidelio from the year 2013.
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	[image: thumbnail]	Fig. C.45 Composite light curve of (524) Fidelio from the years 2014-2015.
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	[image: thumbnail]	Fig. C.46 Composite light curve of (524) Fidelio from the year 2016.
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	[image: thumbnail]	Fig. C.47 Composite light curve of (524) Fidelio from the year 2017.
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	[image: thumbnail]	Fig. C.48 Composite light curve of (524) Fidelio from the years 2018-2019.
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	[image: thumbnail]	Fig. C.49 Composite light curve of (530) Turandot from the years 2015-2016.
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	[image: thumbnail]	Fig. C.50 Composite light curve of (530) Turandot from the year 2016.
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	[image: thumbnail]	Fig. C.51 Composite light curve of (530) Turandot from the year 2018.
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	[image: thumbnail]	Fig. C.52 Composite light curve of (530) Turandot from the year 2019.
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	[image: thumbnail]	Fig. C.53 Composite light curve of (551) Ortrud from the year 2015.
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	[image: thumbnail]	Fig. C.54 Composite light curve of (551) Ortrud from the year 2018.
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	[image: thumbnail]	Fig. C.55 Composite light curve of (551) Ortrud from the year 2019.
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	[image: thumbnail]	Fig. C.56 Composite light curve of (551) Ortrud from the year 2020.
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	[image: thumbnail]	Fig. C.57 Composite light curve of (551) Ortrud from the year 2021, observed mainly from TESS spacecraft.
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	[image: thumbnail]	Fig. C.58 Composite light curve of (566) Stereoskopia from the year 2017, observed by Kepler mission.
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	[image: thumbnail]	Fig. C.59 Composite light curve of (566) Stereoskopia from the years 2019-2020.
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	[image: thumbnail]	Fig. C.60 Composite light curve of (566) Stereoskopia from the years 2020-2021.
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	[image: thumbnail]	Fig. C.61 Composite light curve of (566) Stereoskopia from the year 2022.
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	[image: thumbnail]	Fig. C.62 Composite light curve of (657) Gunlod fiOm the year 2015.
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	[image: thumbnail]	Fig. C.63 Composite light curve of (657) Gunlod from the year 2016, obsbrved mainly from TESS spacecraft.
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	[image: thumbnail]	Fig. C.64 Composite light curve of (657) Gunlod from the year 2018, observed by Kepler mission.
In the text



	[image: thumbnail]	Fig. C.65 Composite light curve of (657) (Gunlod drom the eear 2020.
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	[image: thumbnail]	Fig. C.66 Composite light curve of (657) Gunlod from the year 2021 from TESS spacecraft.
In the text



	[image: thumbnail]	Fig. C.67 Composite light curve of (657) Gunlod from the years 2021–2022. Given the different character of the light curve caused by slightly different viewing geometry, it could not be folded with the light curve from Fig. C.66.
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	[image: thumbnail]	Fig. C.68 Composite light curve of (738) Alagasta from the year 2015.
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	[image: thumbnail]	Fig. C.69 Composite light curve of (738) Alagasta from the year 2016.
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	[image: thumbnail]	Fig. C.70 Composite light curve of (738) Alagasta from the year 2017.
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	[image: thumbnail]	Fig. C.71 Composite light curve of (738) Alagasta from the years 2018-2019.
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	[image: thumbnail]	Fig. C.72 Composite light curve of (738) Alagasta from the year 2020.
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	[image: thumbnail]	Fig. C.73 Composite light curve of (806) Gyldenia from the year 2015.
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	[image: thumbnail]	Fig. C.74 Composite light curve of (806) Gyldenia from the year 2016.
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	[image: thumbnail]	Fig. C.75 Composite light curve of (806) Gyldenia from the year 2018.
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	[image: thumbnail]	Fig. C.76 Composite light curve of (806) Gyldenia from the year 2020.
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	[image: thumbnail]	Fig. C.77 Composite light curve of (806) Gyldenia from the year 2021.
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        (286) Iclea model fit to occultation chords. Pole 2 (dashed contour) is rejected as inconsistent with all previous size determinations.
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        (426) Hippo model fit to occultation chords. Pole 2 is preferred (solid contour).
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        (439) Ohio model fit to occultation chords.

      

    

  
    
      Fig. A.8 
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        (464) Megaira ADAM solution pole 1 (top row), pole 2 (bottom row), shown with occultation chords used to construct the models. Occultation events same as in Fig. A.7.
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        (476) Hedwig model fit to occultation chords. Pole 1 is preferred (solid contour).
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        (524) Fidelio model fit to occultation chords. Pole 2 is preferred (blue contour).
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        (530) Turandot ADAM solution pole 1 (top row), pole 2 (bottom row), shown with occultation chords used to construct the models. Occultation events same as in Fig. A.11.
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        Composite light curve of (275) Sapientia from the year 2018.
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        Composite light curve of (286) Iclea from the year 2014.
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        Composite light curve of (286) Iclea from the years 2017-2018.
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        Composite light curve of (326) Tamara from the year 2015.
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        Composite light curve of (326) Tamara August-September 2016.
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        Composite light curve of (426) Hippo from the year 2019 observed by TESS spacecraft.
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        Composite light curve of (439) Ohio from the year 2018.
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        Composite light curve of (439) Ohio from the year 2020.

      

    

  
    
      Fig. C.35 
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        Composite light curve of (464) Megaira from the year 2016.

      

    

  
    
      Fig. C.38 
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        Composite light curve of (464) Megaira from the year 2020.

      

    

  
    
      Fig. C.43 
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        Composite light curve of (476) Hedwig from the year 2018.

      

    

  
    
      Fig. C.49 
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        Composite light curve of (530) Turandot from the years 2015-2016.

      

    

  
    
      Fig. C.55 
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        Composite light curve of (551) Ortrud from the year 2019.

      

    

  
    
      Fig. C.56 
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        Composite light curve of (551) Ortrud from the year 2020.

      

    

  
    
      Fig. C.59 
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        Composite light curve of (566) Stereoskopia from the years 2019-2020.

      

    

  
    
      Fig. C.69 
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        Composite light curve of (738) Alagasta from the year 2016.

      

    

  
    
      Fig. C.73 
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        Composite light curve of (806) Gyldenia from the year 2015.

      

    

  
    
      Fig. C.76 
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        Composite light curve of (806) Gyldenia from the year 2020.
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